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In this thesis, we study the Ricci flow and Ricci soliton equations on Riemannian
manifolds which admit a certain degree of symmetry. More precisely, we investigate the
Ricci soliton equation on connected Riemannian manifolds, which carry a cohomogeneity
one action by a compact Lie group of isometries, and the Ricci flow equation for invariant
metrics on a certain class of compact and connected homogeneous spaces. In the first
case, we prove that the initial value problem for a cohomogeneity one gradient Ricci
soliton around a singular orbit of the group action always has a solution, under a technical
assumption. However, this solution is in general not unique. This is a generalisation of
the analogous result for the Einstein equation, which was proved by Eschenburg and
Wang in their paper "Initial value problem for cohomogeneity one Einstein metrics". In
the second case, by studying the corresponding system of nonlinear ODEs, we identify a
class of singular behaviours for the homogeneous Ricci flow on these spaces. The singular
behaviours that we find all correspond to type I singularities, which are modelled on
rigid shrinking solitons. In the case where the isotropy representation decomposes into
two invariant irreducible inequivalent summands, we also investigate the existence of
ancient solutions and relate this to the existence and non existence of invariant Einstein
metrics. Furthermore, in this special case, we also allow the initial metric to be pseudo-
Riemannian and we investigate the existence of immortal solutions. Finally, we study
the behaviour of the scalar curvature for this more general situation and show that in the
Riemannian case it always has to turn positive in finite time, if it was negative initially.
By contrast, in the pseudo-Riemannian case, there are certain initial conditions which

preserve negativity of the scalar curvature.
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Introduction

Let (M, g) be a Riemannian manifold of dimension n. A one-parameter family of Rie-
mannian metrics {g(t)}te[O,T) on M is said to be a Ricci flow with initial metric g if it
satisfies the equation

0

5 W9(t) = —2Ric(g(t)), (1)

with ¢g(0) = g.
A motivation for is that the steady case corresponds to Einstein metrics. Hence,
one hopes that in good cases the Ricci flow would converge to an Einstein metric [33].
Another reason to consider this PDE is as follows. If we choose normal coordinates

around a point p € M, we have that at that point
3
R;; = _iA(gij)a

where A is the Laplace-Beltrami operator. So we can see the Ricci flow as a variation of
the usual heat equation.

Note that the Ricci flow is only weakly parabolic. This is due to the fact that
it is invariant under the action of the whole diffeomorphism group, which is infinite-
dimensional. Despite this fact, on compact manifolds we have short time existence and
uniqueness of solutions to . This was first proved by Hamilton [33] using the Nash-
Moser theorem. Subsequently, De Turck [24] gave a simpler proof, by considering an
equivalent equation, which is strictly parabolic, so that one can then apply the inverse
function theorem.

The Ricci flow was first introduced by Hamilton in [33], who showed that compact
3-manifolds with strictly positive Ricci curvature are spherical space forms. It is possible

to normalise the Ricci flow in such a way that the volume remains constant. One can do
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this by considering, instead of , the equation

2 (9(1) = —2Ric(g(0)) + 2R(0), (2)

where R(t) is the average of the scalar curvature Ry of g(t) and is defined as

— R, nd
R(t) = Ju gc(lt) “7
Jadn

where dy is the volume form. Equation is called normalised Ricci flow. Hamilton
showed that if the initial metric has strictly positive Ricci curvature, this condition is
preserved under the Ricci flow in dimension three. Then, he proved that on compact
3-manifolds with strictly positive Ricci curvature the solution to the normalised Ricci
flow exists for every ¢ > 0 and for ¢ — oo it converges to a metric with constant positive
curvature. His proof is based on three a priori estimates. The first shows that the Ricci
curvature remains positive, the second shows that the eigenvalues of the Ricci tensor at
each point approach each other, and the third shows that it is possible to compare the
curvature at distant points, because the gradient of the scalar curvature tends to zero.
Moreover, all three of these estimates follow from the maximum principle for parabolic
equations.

In 1986, Hamilton [34] extended this result by proving that a compact 4-manifold
with positive curvature operator is diffeomorphic to either the sphere S* or the projec-
tive space RP4. The Ricci flow was then used by Perelman [46] in 2002 to prove the
Poincare conjecture. In these cases, the Ricci flow has been used to get information
about the topology of the underlying manifold. The strategy is to stop the flow when a
singularity has formed in finite time and then perform surgery on the evolved manifold,
by eliminating the singular regions, and continue the flow. One hopes that this process
is finite and that after a finite number of surgeries, we obtain a flow which exists for all

times and converges to a limiting flow. Then, provided that we understand the structure
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of the singularities which have formed, we can reconstruct the topology of the original
manifold from the limiting flow and the singular regions which have been removed.

We would also like to mention that a particular normalisation of the Ricci flow in
dimension 2 has also been used to transform metrics conformally into metrics of constant
curvature, giving a proof of the 2-dimensional uniformization theorem, see|21].

More recently, the Ricci flow was used by Brendle and Schoen to prove the differ-
entiable sphere theorem [12) [13] [14] [15]. They proved that every compact Riemannian
manifold of dimension n > 4 which is weakly i—pinched in the pointwise sense has to be
diffeomorphic to either a sphere or a locally symmetric space. They also proved that if
the manifold is strictly i—pinched in the pointwise sense, then it has to be diffeomorphic
to a sphere. These results follow from a more general result due to Brendle [12], in which
he proves that any compact Riemannian manifold (M, g) of dimension n > 4 and such
that M x R has positive isotropic curvature is diffeomorphic to a spherical space form.

Some special solutions to are as follows. Suppose that the initial metric g(0) is

Einstein, i.e. there exists A € R such that

Ric(g(0)) = Ag(0).

Then, a solution to the Ricci flow with initial metric g(0) is given by

9(t) = (1 - 220)g(0).

Hence, if A > 0, g(¢) will exist up to a finite time 7" = % and, as t — T, the space will

shrink to a round point. By this we mean, as we approach the final time 7', the space
looks asymptotically like a round sphere. On the other hand, if A < 0, g(¢) will exist for
t € [0,+00) and, as t — 400, the space expands homothetically for all time. Finally, if
A =0, the metric g(0) is a fixed point of the flow.

The natural symmetries of the Ricci flow are given by diffeomorphisms and homo-
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theties. In fact, given any diffeomorphism ¢ of (M, g), we have that
Ric(¢"g) = ¢" Ric(g).
Moreover, given any real constant o, we have that
Ric(og) = Ric(g).

We can then define another class of self-similar solutions to the Ricci flow, which gener-
alises the ones defined by Einstein metrics. These are called Ricci soliton flows and they
are solutions which evolve by the natural symmetries of the Ricci flow. More precisely, a
solution g(t) to the Ricci flow is a Ricci soliton flow if there exist a one-parameter family

of diffeomorphisms ¢(t) and a positive function o(¢) such that

g(t) = a(t)p(t)*g(0), (3)

for all ¢ such that a solution exists. For such a solution, by differentiating the above
equation with respect to t, it is possible to show that, at each time ¢, the initial metric
9(0) has to satisfy the following PDE:
. 1 o(t)
Ric(g(0)) + 55)}9(0) + 79(0) =0,

where X is a time dependent vector field given by o(t)X, where X is such that X ;) =
&(t). The Ricci soliton flow is said to be shrinking, expanding or steady at time ¢ if
a(t) <0, (t) >0 or 6(t) = 0, respectively. In general, we can prove that o(t) is linear
in ¢ every time the Ricci flow ¢(t) defined by (3] is unique among Ricci soliton flows with
initial condition g(0), cf. [22]. We could also consider the above equation on its own for

t fixed and look for a triple (M, g, X), where (M, g) is a complete Riemannian manifold
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and X is a vector field on M, such that

1
Ric(g) + 5£x9+ 59 =0, (4)

for some € € R. To avoid confusion, we point out that for us a Ricci soliton will be a
solution to . The Ricci soliton is called shrinking, expanding or steady, if e < 0, € >0
or € = 0, respectively. This equation may be written as

Ric(g) + 0w + %g =0,

where w = X? and 6* is the symmetrized covariant derivative. If the dual form of X is
exact, i.e. if there exists a smooth function w on M such that X” = du, the Ricci soliton

is called gradient Ricci soliton and equation takes the following form:
Ric(g) 4+ Hess(u) + %g =0, (5)

where Hess(u) is the Hessian of u. Note that if (M, g, X) satisfies (4]), then it generates
a solution to , which is of the type described by equation . In fact, considering the
one-parameter family of vector fields on M given by

X

Y@%:1+d’

and integrating it to a one-parameter family () of diffecomorphisms of M, we have that

the one-parameter family of Riemannian metrics

g(t) = (1 +et)p(t)g

evolves under the Ricci flow equation, with initial metric g(0) = g.

Note that the Ricci soliton equation is a generalisation of the Einstein condition. In
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fact, if we take X to be the zero vector field in , we recover the Einstein equation
for the metric g. So, in general, we say that a Ricci soliton is trivial if Lxg = 0. In
particular, trivial Ricci solitons are Einstein metrics.

Ricci solitons are also important, because they have motivated the discovery of mono-
tonicity formulas for the Ricci flow [46], which have many geometric applications. More-
over, they often appear as limits of dilations of singularities in the Ricci flow [36]. In
fact, suppose that we have a Ricci flow on a closed manifold which develops a singularity
in finite time. Then, a sequence of suitably rescaled Ricci flows converges in the smooth
Cheeger-Gromov sense to a Ricci flow which is defined on a time interval (—oo, a), with
a < o0o. These solutions are called ancient. In some cases, it has been shown that this
limit is a gradient Ricci soliton [27]. For example, in [I], Angenent and Knopf proved that
on a sphere with a rotationally symmetric metric, there is a class of initial conditions
such that the Ricci flow develops a neckpinch singularity in finite time. They showed
that this singularity is modelled by a shrinking cylinder. Later, Gu and Zhu [32] showed
that on the same manifold there is an initial metric such that the Ricci flow develops
a degenerate neckpinch singularity. Isenberg and Garfinkle [31] proved numerically that
this singularity is modelled by the Bryant soliton, which is a rotationally symmetric
steady soliton on R™*1.

As we have uniqueness of the solution to the Ricci flow equation on closed manifolds,
the invariance by diffeomorphisms of the Ricci tensor implies that the Ricci flow preserves
symmetries of the initial metric. In particular, this is always true for homogeneous spaces,
as the Ricci flow reduces to an ODE. It is then natural to investigate equations (/1)) and
on spaces which admit a certain degree of symmetry. These might include homogeneous
and cohomogeneity one Riemannian manifolds. On this kind of spaces, we can restrict
our attention to those Riemannian metrics which are invariant under the action of the
Lie group and, as we have already mentioned above, this property will be preserved

under the Ricci flow. In some cases, this allows us to reduce equations and to
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systems of nonlinear ODEs. So, in general, imposing some symmetries on the underlying
manifold is a way of reducing the complexity of the PDEs corresponding to the Ricci
flow and Ricci soliton equations, which are difficult to analyse.

In particular, in the case of Ricci flow of invariant metrics on compact homogeneous
spaces, this topic turns out to be closely related to the existence and non-existence
of invariant Einstein metrics on these spaces. A rough classification of homogeneous
Einstein metrics is as follows. Let (M, g) be a homogeneous Einstein metric with scalar

curvature R,. Then,

o If R, > 0, then M is compact with finite fundamental group;
o If Ry =0, then M is flat;
o If Ry <0, then M is non compact.

From this classification, we immediately have that a homogeneous space G/K, with G
compact and infinite fundamental group, admits an invariant Einstein metric if and only
if the space is flat. A characterisation of these spaces can be found in [7, Proposition
7.5].

However, a compact and simply connected homogeneous space always carries a ho-
mogeneous metric with positive Ricci curvature, cf. [49]. Therefore, it was natural to ask
whether every compact and simply connected homogeneous space carries a homogeneous
Einstein metric. Wang and Ziller [49] produced a counter example to this conjecture.
They showed that the 12-dimensional manifold SU(4)/SU(2) does not admit any homo-
geneous Einstein metric. In their paper, Wang and Ziller also proved a general existence
theorem for a certain class of compact homogeneous Riemannian manifolds. They use a
variational method, which characterises G-invariant Einstein metrics of volume one as
the critical points of the total scalar curvature functional on G-invariant Riemannian

metrics of unit volume:

T:9+—T(g) := /M Ry dpg.
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Let G be a compact and connected Lie group and K a closed connected subgroup such
that G/K is effective. Wang and Ziller proved that K is a maximal connected subgroup
of G if and only if the functional T restricted to the space of homogeneous Riemannian
metrics of volume one is bounded from above and proper. In this case, this functional
attains a maximum, which corresponds to a G-invariant Einstein metric. This variational

approach has been used extensively by Bohm, Wang and Ziller [7, [10].

This thesis is divided into three chapters. In the first chapter, we are going to investi-
gate the gradient Ricci soliton equation in the cohomogeneity one setting. Note that
by the work of Petersen and Wylie [47], we have that the maximal amount of symme-
try on a nontrivial gradient Ricci soliton is given by a cohomogeneity one action. Also
observe that a motivation to study the gradient case is that gradient shrinking Ricci
solitons arise as blowing up limits of Ricci flows which develop a type I singularity in
finite time [27]. In particular, we consider the initial value problem for cohomogeneity
one gradient Ricci solitons around a singular orbit, generalising a result of Eschenburg

and Wang [28] for the Einstein case. Our main theorem in this chapter is the following.

Theorem 0.0.1. Let (M, g) be a connected Riemannian manifold endowed with a co-
homogeneity one action by a compact Lie group of isometries G. Let Q = G/H be a
singular orbit of codimension k + 1, k > 1. Suppose that H is the stabiliser of ¢ € @
under the action of G. Then, H acts linearly with cohomogeneity one on V. = RFF1
which is the normal space at ¢ € Q, and the Lie algebra of G splits as g = h & p_,
where b is the Lie algebra of H. Let vy € S* have isotropy group K with respect to the
H-action. Then, G/K is a principal orbit for the action. Assume that V and p_ have no
irreducible common factors as K- representations. Then, given any G-invariant metric
go on Q and shape operator Ly : NQ — Sym?(T*Q), where NQ = G xy V is the
normal bundle over Q, there exists a G-invariant gradient Ricci soliton on some open

disk bundle of NQ.
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This result has already been published in the Journal of Geometry and Physics: [17].

The second chapter is dedicated to the study of the Ricci flow equation for invariant
metrics on a certain class of compact and connected homogeneous Riemannian manifolds
such that the isotropy representation decomposes into invariant irreducible inequivalent
summands. One of the main goals of this chapter is to relate the behaviour of the Ricci
flow of invariant metrics to the existence and non-existence of invariant Einstein metrics
on compact homogeneous spaces. As Ricci flows can only converge to Einstein metrics, it
is interesting to see what singular behaviours can occur when we consider the Ricci flow
of homogeneous metrics on the non-existence examples. Furthermore, as the equation
becomes more tractable, we hope that the study of the Ricci flow of homogeneous metrics
might be useful to understand the Ricci flow in higher dimensions. In the case of two

summands, we were able to prove the following theorems.

Theorem 0.0.2. Let G/K be a compact and connected homogeneous space such that
the isotropy representation decomposes into two inequivalent Ad|, -invariant summands.
Then, the Ricci flow starting at any invariant Riemannian metric develops a type I singu-
larity in finite time. If K is maximal in G, then the singular time is always characterised
by the shrinking of the whole space to a point. If K is not maximal in G, then another
singular behaviour can occur. More precisely, suppose that there exists an intermediate
Lie group H, with K < H < G. Then, the singular time is characterised either by the
shrinking of G/K or by the shrinking of H/K and the convergence of G/K to G/H in
the Hausdorff-Gromov sense. Moreover, the shrinking of G/K to a point implies that the

homogeneous space carries a G-invariant Finstein metric.

Before stating the next theorem, we would like to mention that the phase space in
this case is given by {(x1,22) € R?|z1,29 > 0}. Then, invariant Einstein metrics are
lines through the origin in R2. When we talk about initial conditions, we mean a specific

point in the phase space.
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Theorem 0.0.3. Let G/K be as in theorem . If K is mazimal in G, then ancient
solutions exist if and only if the homogeneous space carries at least two G-invariant
Einstein metrics. More precisely, we have an ancient solution every time the initial
condition lies between two G-invariant Finstein metrics. If K is not maximal in G,
then ancient solutions exist if and only if the homogeneous space carries at least one
G-invariant Einstein metric. In particular, ancient solutions occur every time the initial
condition lies between two G-invariant Einstein metrics, or when the singular behaviour

is characterised by the shrinking of H/K to a point.

We were also able to generalise theorem [0.0.2] to the three summands case, when
there exists an intermediate Lie group H such that H/K is isotropy irreducible and

every G-invariant Riemannian metric on G/K is given by a submersion metric

H/K - G/K — G/H.

In this case, as we approach the final time, more singular behaviours can occur and these
are all determined by the Lie algebra structure of G. Finally, we conjecture that this
theorem might hold for a general number of summands and provide some evidence on
why this conjecture should be true.

The third chapter expands the section about compact and connected homogeneous
spaces whose isotropy representation decomposes into two invariant irreducible inequiv-
alent summands. This chapter is divided into two main parts. In the first part, in order
to complete the study carried out in the previous chapter, we allow the initial metric
to have indefinite or negative signature. So we consider initial profiles which are given
by pseudo-Riemannian metrics. We investigate the formation of singularities and the
existence of immortal solutions. These are solutions defined on [—T,4+00), with T" > 0.

In particular, we prove the following theorem.

Theorem 0.0.4. Fvery time the initial condition lies between two invariant Finstein
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metrics, the Ricci flow has an immortal solution, which converges to an invariant Ein-

stein metric, as the time tends to +o0o.

In the second part, we study the behaviour of the scalar curvature. We show that
it always has to turn positive, when a singularity forms, so that the only solutions
which preserve negativity of the scalar curvature are the immortal ones. In particular,
we prove that given any invariant Riemannian metric, the Ricci flow always forces the
scalar curvature to turn positive in finite time, if it was negative initially, which then

implies that a singularity will develop in finite time.



Chapter 1

Initial value problem for
cohomogeneity one gradient Ricci

solitons

1.1 Introduction

In this chapter, we are going to investigate the gradient Ricci soliton equation in the
following context. Let (M,g) be a connected Riemannian manifold endowed with a
cohomogeneity one action by a compact Lie group G of isometries. We then have that
the orbits with maximal dimension are hypersurfaces in M and they are called principal
orbits. We can also have orbits with higher codimension which are called singular. With
this kind of action, the orbit space is one-dimensional and can be an interval (open, closed
or semi-open), R itself or the circle S*, depending on the number of singular orbits, cf.
[4]. Many examples of cohomogeneity one gradient Ricci solitons have been constructed;
e.g., the Bryant soliton [39, 22], the cigar soliton [35], the U (n)-symmetric soliton on C"
discovered by Cao [18, 19] and the Kéhler generalisations |40l [51) 23, 26, 29]. In [2§],

Eschenburg and Wang consider local existence and uniqueness of a smooth G-invariant

14
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Einstein metric around a singular orbit in the cohomogeneity one setting. They prove,
under a technical assumption, that, given any G-invariant Riemannian metric and any
shape operator in a neighbourhood of a singular orbit ), there always exists an invariant
Einstein metric around ) with any prescribed sign of the Einstein constant. Here, we
generalise the Einstein case to the case of gradient Ricci solitons. In particular, we are

going to prove the following theorem.

Theorem 1.1.1. Let (M,g) and G be as above. Let Q = G/H be a singular orbit of
codimension k + 1, k > 1. Suppose that H is the stabiliser of ¢ € @ under the action
of G. Then, H acts linearly with cohomogeneity one on V = RFL which is the normal
space at g € Q, and the Lie algebra of G splits as g = b @ p_, where by is the Lie algebra
of H. Let vy € S* have isotropy group K with respect to the H-action. Then, G/K is a
principal orbit for the action. Assume that V' and p_ have no irreducible common factors
as K- representations. Then, given any G-invariant metric gg on Q and shape operator
Li: NQ — Sym?(T*Q), where NQ = G x g V is the normal bundle over Q, there exists

a G-invariant gradient Ricci soliton on some open disk bundle of NQ.

We write the gradient Ricci soliton condition around () as an initial value problem
with initial data given by a G-invariant metric and shape operator L; around (). We note
that the smoothness condition of the metric implies that Lq is a smooth H-equivariant
linear map from V to S?(p_), which then implies that tr (L) = 0, so Q must be a
minimal submanifold in M. As we are working around a singular orbit, we only need to
solve the gradient Ricci soliton equation in the directions tangent and orthogonal to the
orbits. Moreover, we can write the initial value problem as a system of ordinary non-
linear differential equations with a singular point at the origin. We solve this system using
the same technique as in [28], which consists of applying the method of asymptotic series
to find a solution and then showing that this solution is in fact a smooth G-invariant
gradient Ricci soliton. We can always show existence, but the initial data given are

not sufficient to ensure uniqueness and the indeterminacy of the problem, which is the
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same as in the Einstein case, is always finite and can be computed using representation
theory. Finally, the technical assumption about the irreducible summands of V' and p_
is motivated by [28] and, as it is explained in |28, Remark 2.7], it appears quite natural

in the context of the Kaluza-Klein construction.

1.2 Homogeneous Riemannian manifolds

In this section, we will recall the definition of a homogeneous Riemannian manifold.

Definition 1.2.1. A Riemannian manifold (M, g) is said to be homogeneous if its group
of isometries I(M, g) acts transitively on it. (M, g) is said to be G-homogeneous if there

exists a closed Lie group G of isometries which acts transitively on it.
Remark 1.2.2. The same Riemannian manifold can be homogeneous under different Lie
groups.

Let (M, g) be a G-homogeneous Riemannian manifold. Recall that the isotropy group

of a point p € M is defined as

K={feG[f(p) =p}
Then, we can define the isotropy representation of K to be

x: K — GL(T,M),

fr—"T,f.

Since every isometry is determined by giving the image of a point p and the tangent
map at that point, the isotropy representation defined above is injective. Moreover, as
G is a closed subgroup of I(M,g), K is a compact subgroup of G N I,,(M,g), where
I,(M,g) ={f € I(M,g)| f(p) = p}, and M is diffeomorphic to the quotient G/K. In

particular, M is compact if and only if G is compact.
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Let now g be the Lie algebra of G and exp be the exponential map of g. Every
X € g generates a one-parameter subgroup of G, which is given by exp(tX). We will now
identify X with the vector field on M generated by exp(tX). Through this identification,
we can identify g with the set of those Killing vector fields which generate one-parameter
subgroups of G. In this way, the Lie subalgebra £ of K is identified with those Killing
vector fields which vanish at p.

Let Ad|,. be the adjoint representation of G on its Lie algebra restricted to K. Then,

there exists an Ad|, -invariant complement p of £ in g such that

g=tdp.

We can then identify p with T,,M, by assigning to a Killing vector field its value at p.
In this way, the isotropy representation x is identified with the adjoint representation
Ad, of K on p. We then have that every G-invariant Riemannian metric on G/K is

uniquely determined by an Ad|, -invariant scalar product on p.

1.3 The cohomogeneity one Ricci soliton equation

Following the approach and notation of [28] and [23], we will now recall the Ricci soliton
equation in the cohomogeneity one setting.

Let (M,g) be a connected Riemannian manifold of dimension n 4+ 1 and let G be a
compact Lie group which acts on M by isometries and with cohomogeneity one.

Now, let us choose a unit speed geodesic

v:I— M,

where I C R is an open interval, and take v such that it intersects all the principal orbits
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orthogonally. Then, it is possible to define an equivariant diffeomorphism

¢:1xG/K — MyC M,

(t,g-K)— g-7(t),

where K is the isotropy group of ~(t) with respect to the G-action. Hence, @(t,G/K) is
the principal orbit P, passing through ~y(¢) and My is an open dense subset in M which
is the union of all the principal orbits.

Every orbit P, is naturally equipped with a G-invariant Riemannian metric, which
depends on t. Hence, through @ we obtain a family g(¢) of G-invariant metrics on the
homogeneous space P, where P denotes an abstract copy of the principal orbit G/K.
Moreover, the map @ sends I x {p}, with p € P, to the geodesic through p orthogonal
to the principal orbits, and we have that the canonical parametrisation of I corresponds
to the arclength parametrisation of the geodesic. Then, if we pullback the metric g on
M through @ we get

o (/g\) = dt2 + Gt

where g; is a family of G-invariant Riemannian metrics on P.
Let V and Ric denote the Levi-Civita connection and the Ricci tensor of the manifold
(M, 9), respectively. Let V; and Ric; denote the Levi-Civita connection and the Ricci

tensor of (P, g;), respectively. Let L; be the shape operator on P, defined by
Lt(X) = €X N7

where X is a vector field on P, and N = Qk(%) is a unit normal G-invariant vector
field along P; such that v NN = 0. We then have a family (L;):c; of G-invariant, gs-

symmetric endomorphisms of the tangent space of P. In particular, the trace of L; is
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constant along P,. Moreover, the following equality holds
gt(va) :2gt(Lt(X)aY)¢ (11>

for every pair of vector fields X,Y on P, and for every t € I.
Consider now the Ricci soliton equation for (M, g,®)
T T~ € .
Ric(g) + 6"w + 29 = 0.
First of all, we can take the form & to be G-invariant, or, if we are dealing with gradient
Ricci solitons, we can take the potential function to be G-invariant (cf. [23], p. 4). Hence,

if we consider the pull-back of & through @, we obtain
Q*w = £(t)dt + wy, (1.2)

where & = £(t) is a function on I and w; is a one-parameter family of G-invariant
one-forms on P.

Let X(P;) denote all the vector fields on P,. We then have the following proposition.

Proposition 1.3.1 ([23]). Let (M™"13) be a connected Riemannian manifold which
admits a cohomogeneity one action by a compact Lie group G of isometries of g. Let
@ be a G-invariant one-form on M. Under the parametrisation induced by a unit speed

geodesic orthogonal to the principal orbits, the Ricci soliton equation for g and the vector
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field dual to @ is given by

~ (VL) — d(te(Ly)) + %wt oLy =0,
— tr(Ly) — wr(L}) +£() + 5 =0,
Ricy(X,Y) — tr(L)ge(Le(X),Y) — ge(Le(X),Y)

+ E(0)g(L(X),Y) + 5 (X,Y) + Si(X.Y) =0,

for all X, Y € X(P;) and t € I, where, viewing Ly as an endomorphism of X(F;), the
operator 6Vt : X*(P,) @ X(P,) — X(P,) is the codifferential.

Conversely, if g+ and wy are one-parameter families of metrics and one-forms on P,
respectively, and & = £(t) is a smooth function on I such that the above system is satisfied
with Ly defined by ¢:(X,Y) = 2g:(L+(X),Y) for all X,Y € X(P,), then § = dt*> + g; and

W = &(t)dt + wy give a local Ricei soliton on My.
If we are looking for gradient Ricci solitons, that is when there exists a G-invariant
smooth function u such that @ = du, equation ([1.2)) becomes

&% = u(t)dt,

and the Ricci soliton equation in the cohomogeneity one setting is equivalent to the

following system

— (0V¢ L)’ — d(tr(Ly)) = 0, (1.3)
—tr(Ly) — tr(L2) +i(t) + g =0, (1.4)
Rici(X,Y) — tr(Le)ge(Le(X),Y) — ge(Le(X), Y) + u(t) ge (Le(X), Y)

+ 59X, Y) =0,

for all X,Y € X(P;) and t € I, where u(t)(p) = uwo &(t,p), for all p € P,.
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1.4 Smoothness of tensors around a singular orbit

In this section, following [28], we will discuss briefly the smoothness criterion for the
metric g and the one-form &, in the case when there is a special orbit.

Let (M, g) be a connected (n+1)-dimensional Riemannian manifold and G a compact
Lie group which acts on M by isometries of g and with cohomogeneity one. Let Q = G -q
be a singular orbit of codimension k + 1, with & > 1, with isotropy group H = G,. As
@ = G/H is a homogeneous space, the Lie algebra g of G decomposes in the following
way:

g=bodp_, (1.6)

where b is the Lie algebra of H and p_ is the Ad(H)-invariant complement of h in g,
which can be identified with the tangent space T;,Q).

Let V =T,M/T,Q = R**1 be the normal space at ¢ of Q, on which H acts linearly
with cohomogeneity one, i.e. it acts transitively on the sphere S* = H/K, where K C H.
We can identify a tubular neighbourhood of ) with the total space of the normal bundle
NQ =G xg V of Q. We have that

T(NQ), =V x (Va@p_).

In fact, using the reductive complement p_ of b in g, we can define a G-invariant con-
nection on N@Q, which induces a splitting of the tangent space to N into horizontal
and vertical parts:

T(NQ)=7"NQ & n*TQ,

where m : NQ — @ is the bundle map, and the two pull-back bundles are trivial on

V', which can be viewed as the fibre of NQ over ¢ € Q. Hence, a smooth G-invariant
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symmetric bilinear form a is determined by an H-equivariant smooth map
a:V — Sym*(Vap).

Let W be the vector space of all smooth H-equivariant maps L : S¥ — Sym?(V@p_).

We then have that, for vy € S¥, the evaluation map

ev: W — Sym?(V @ p_)K,

L — ev(L) = L(vp),

is a linear isomorphism. Here, Sym?(V @ p_)¥ denotes the elements of Sym?(V @ p_)
which are K-invariant, where K = H,,,. Let W), be the subspace of W consisting of all
maps which are restrictions to S* of H-equivariant homogeneous polynomials of degree

m. We then have a necessary and sufficient condition for a to be smooth.

Lemma 1.4.1 ([28]). Let t — a;, where a; : S*¥ — Sym?*(V @ p_ )& for all t € [0,00),
be a smooth curve, i.e. at zero the right-hand derivatives of all orders exist and are

continuous from the right. Let Zp apt? be its Taylor expansion at zero. Then the map a

defined by
a:V\{0} — Sym*(V @p_),

vi— a(v) = ay, (ﬂ‘)

can be extended smoothly at zero if and only if a, € ev(W),) for all p > 0.

Motivated by [28], we now assume that the representations of K on p_ and V have

no irreducible common factors. As a consequence of this, we have that
Sym*(V @ p_)* = Sym*(V)* @ Sym*(p_)*, (1.7)

and each W, splits as W,/ & W, , where the polynomials in W} take values in Sme(V)
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and the ones in W, take values in Sym?(p_).
The smoothness criterion for & is obtained essentially in the same way as for the
metric g. Under the above assumption, we have that on a tubular neighbourhood around

Q, W is determined by an H-equivariant map

W:V—=V"dp*.

In this case, W,, is defined as the space of H-equivariant maps L : V — V* @ p* which
are restrictions to the unit sphere S* of homogeneous polynomials of degree m. The
necessary and sufficient condition for @ of the form to be smooth is that its pth
Taylor coefficient, viewing @ as function of ¢, lives in ev(I¥},), for all p > 0.

Finally, if we consider gradient Ricci solitons with potential function u, in the case
of a special orbit the smoothness criterion for & = du implies that u(t) must be even in

t. In fact, around zero, u is given by

[e.o]

u(t) =Y 2, (1.8)
=0 P
where
dP
Up = ﬁu(t)’tzo.

The smoothness condition implies that u, must be a homogeneous polynomial of degree
p on the sphere S¥, on which H acts transitively. Moreover, we can take u to be H-
invariant. We now show that u, = 0 if p is odd. Given x € Sk there exists h € H such

that h -z = —z € S*. If p is odd we have that

—up(x) = up(—x) = up(h - ) = up(x) = up(x) = 0.

Hence, if p is odd, up(z) = 0, for all € S*. This implies that u(t) given by (L.8) is even

in t.
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1.5 Initial value problem for gradient Ricci solitons around

a singular orbit

First of all note that by [23], Proposition 2.17], if we are looking for gradient Ricci solitons
in the case when there is a singular orbit, instead of considering the system ([1.3)-(1.5)),

we can consider the following system

3
a3
Ricy(X,Y) — tr(Le)ge(Le(X),Y) = ge(Le(X),Y) + i(t)ge (Le(X), Y)

u(t) + tr(Ly)i(t) + tr(Le)a(t) — 2i(t)a(t) — ealt) = 0 (1.9)

) (1.10)
+ §gt(X7 Y) = 07

together with (|1.1)). Note that equation ([1.9)), which can be viewed as an equation in u(t),
is the first integral which arises from the contracted second Bianchi identity and was
observed in [39] p. 242] and more generally in |20} p. 123] and |36}, pp. 84-85]. Moreover,

as we saw in the previous page, the smoothness condition on the function u implies that
u(0) = 0.
Using the Ricci endomorphisms 7 on P;, defined by
Ric (X, Y) = gu(r(X), Y),
for all X,Y € X(P;), equation becomes
re — tr(Ly) Ly — Ly + a(t)Ly + %I =0, (1.11)

where I is the identity matrix.
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Let b in (|1.6) decompose in the following way

h:é@p+7

and let p =p; @ p_, so that
g=¢tPdp.

Hence, p is the tangent space at a point to the principal orbit G/K, while py and p_
can be identified with the tangent spaces to H/K and G/H = @, respectively.

As we are working around the singular orbit @, by assumption , we have that g;
and L; split in + and — parts. Hence, following [28], let us choose z(t),n(t) € End(p)*

preserving the splitting of p and such that

g = tay(t) e x_(1),

L= (j14m0) @0-(0)

with initial conditions given by

n+(0) =0 and n-(0) = Li(vo),

where L is the shape operator of the singular orbit ), which is an H-equivariant linear
map from V' — Sym?(p_), which in particular implies that the trace of L; vanishes,

i.e. @ is minimal in M. We will now drop the t-dependence in order to simplify the
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notation. In these new variables, equations ((1.1)), (1.9) and (1.11]) become
T = 2xn,
d? + 5t ()i + ()i k. i L= 0
—u+ —i+ tr(n)i + tr(n)u — 50 — 240 — ew =
as" "t 7 T ’
) k 1 k 1 1. . €
N = —t—21++t—21+ —n = Ztr(n)Lﬁ—;qu—I—r—tr(n)n—i—un—i— 51.
It is convenient to change variables again using
Yy =xn,
so that we do not have to deal with the quadratic term xn. We then obtain
i = 2y, (1.12)
d3

. BRI 11 - 1
dt3u+zu+tr(a? ly)u—t—Qu—2tr(aj Lyr= )i + tr (27 1g)a

— it — et = 0,

(1.13)
1 k 1 1
y=(1- k)t—2:c+ s A tr (zty)xy + ;um + 2y ly + ar
—tr (z Yy)y + wy + g:c, (1.14)

with initial conditions on y given by

y+(0) =0 and y_(0) = Li(vo).

At this point, we need the formula for the Ricci tensor of the homogeneous metric g on

the homogeneous space P = G/ K, where G is a compact Lie group. It has the following
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expression (see [5, p. 185] for a derivation of this formula):

Rie(X,Y) = — 5 trg(ad(X) ad(¥)) ~ £ 3~ (X, Xily, [V, X})g"

]
+7 Zg X, Xp))g (Y, [X, X)) g g™
qu
for any basis {X;}7 ; of p and for all X,Y € p. Note that our expression for the Ricci
tensor is simpler than (7.38) in [5]. This is due to the fact that G is compact and hence
unimodular.

The metric g induces a G-invariant background metric gy on NQ. In fact, g induces
inner products on p_, which can be identified with 7;@), and on V', which can be identified
with NyQ. Considering bases {Uq}r_; of p4 and {Z;}7, ., of p_, which are orthonormal
with respect to the background metric gy, the inverse of g splits as follows

g _ 1 ap ij

g t233+ , g9 =xa’.

Consequently, the Ricci endomorphism splits into a regular part and a singular part:

r= ) —Tsing T Treg)

which are given in Lemma 3.1 of [2§].

We also have that ) )

TAT4 = 50474 = 5 Ricy,
r_r_ =g_r_ = Ric_.

Hence, equation ({1.14)) becomes

1 1
SA(@) + 7 B(e,y) + Cla,y,1),

y:t
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where
A(.’E) = (1 - k)er + ITsing,

B(z,y) = —ky — tr (27 y)zy 4wz, (1.15)
O(x,y,t) = 2yz ™ty + 2rpeg — tr (2 y)y + ty + %x
We can now substitute g in with the expression given by . Then, equation
becomes

LA lﬁ(u) + 1'é(u i) + C(u, ii, )
dt3 - tg t ) » )
where
Aa) = ki + (k — 1) tr (27 24 )i — tr (reing ), (1.16)
B(i, i) = —kii + ktr (z 7 y)a + tr (2 'y) tr (27 g )i — tr (2 Pag )i (1.17)

Oty it t) = —tr (x7 )i — tr (rreg) + tr (27 1Y) tr (z 7 y)a — tr (z ™ y)a?
(1.18)

—(n+ 1)§u+ it + etl,

are analytic functions.
We then obtain that the system (1.12))-(1.14)), with the above initial conditions,

becomes the initial value problem given by

T =2y,
d3

T B
Eu= t—2A(u) + gB(u,u) + C(u,1,t),

1 1

Therefore, the initial value problem for cohomogeneity one Ricci solitons has been re-
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duced to an initial value problem for a system of nonlinear ordinary differential equations
of order one in x,y and of order two in @ with a singular point at the origin.

By |23, Lemma 2.2|, Ricci solitons are real analytic. Therefore, we can solve the
system by applying the method of asymptotic power series, which is described in [50),
Chapter 9|. This method consists, first of all, of showing that there always exists a formal
power series solution of an appropriate type. Then, after having a formal power series
solution, one can apply [43] Theorem 7.1] to get a genuine solution.

We will see that the reason why there always exists a formal power series solution,

is due to the geometric nature of the equations.

1.6 Solution to the initial value problem

The initial value problem considered in Section [L.5] has the following general form

& =2y, (1.19)
j;u = }Qﬁ(u) + %E(u,m + C(a, i, t) (1.20)
y= tle(l’) + %B(:v,y) +C(x,y,1), (1.21)
2(0) = a, (1.22)
y(0) =0, (1.23)
a(0) =0, (1.24)

where z(t),y(t),a,b € Sym?(V @ p_ )X, u(t) is smooth function and A, B, C, A, B and

C are analytic functions.

As the left-hand sides of (1.20) and (T.21)) do not have § or 5 terms, A and A must
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satisfy the following initial conditions

A(z(0)) = A(a) =0 and 2(dA), b+ B(a,b) =0, (1.25)

A(u(0)) = A0) =0 and (dA)|—oii(0) 4+ B(0,i(0)) = 0. (1.26)

We want to show that there always exists a formal power series solution. So let

with
$m+1 - Qym, Vm > O,
and
00 U
u(t) = Z -
m=0
Then, let
Ale(t) = D0 =", Blalt)y(®) = Y ", Cla(t),y().0) = Y 5,
m=0 ’ m=0 m=0
and
D=3 Ampn Bl = 3 Bren S, = 3 Cmen
m=0 m ’ m=0 ! ’ m=0 m

Substituting the above expressions in ((1.20) and (|1.21]), respectively, we get

1 Ami2 Bt
- = C 1.27
2T S I m D) T mtl (1:27)
A B -
Umss = m2 il 4 O (1.28)

(m+2)(m+1) m+1
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By definition, we have that

dm+2 dm+1 d
A = Gz (AG)] _, = G (AOD )|,
dm+1 )
= dpm+1 (dm(t)A : x(t)) ‘t:O
= (dx(t)A)a * Tm+2 (mod T1y.-- ,$m+1)7
Bt = o Bal)u®)],_ = (L B.0))|
mAL = g ALV T g \ Y 1=0
am . . .
= Oy B - ilt) + Oy B §(t) + a0)|
1
= §(ay(t)B)(a,b) * Tm+2 (mod Tlye-- ,xm+1),
Cn=0 (modzy,...,Tmt1).
Using the same strategy, we also have that
gm_;,_g = (du(t)g)’t:()um—i-?) (mod Ulye oy um+2),
§m+1 = (8u(t)§)|t=0um+3 (mod Ulye oy um+2),
Cp =0 (moduy, ..., Uni2)-

Hence, equations (1.27) and ((1.28]) become

(dm(t)A)a * Tm+2 (ay(t)B)(a,b) * Tm4-2 D,,

_ 1.29
I S Y ) (m + 1) m+ 1 m+1 (129)
- (diyA)li=otmss Oy B)li=0tmss Dy, (1.30)
T m 4 2)(m + 1) m+ 1 m+1’ '

for some functions D,, of x1,...,Zpms1 and Dy, of uq, ..., Umso. If we now define the
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following two operators

2
L= (m+1)1 _m(dx(t)A)a — (OyyB) (ap)s (1.31)
- 1 - -
Lm=(m+1) - m(du(t)/l)h:o — (Bi(ty B) |t=o0,

we need to have that

L Tmao =Dy and  Lyptmys = Dy,

which give necessary and sufficient conditions to the existence of a formal power series
solution:

Dy, € Im(£,,) and Dy, € Im(Lyy,), (1.32)

for all m > 0. We have that £,, and Zm are invertible for all m > myg, for some mg.
In fact, L, is bounded and dA and dB are bounded as well. For this reason, if m is
large, £, is close to a multiple of the identity and hence invertible. This implies that, if
is satisfied for m < mg, we can fix further initial conditions, namely x1,...,Zm,
and uy, ..., umn, satisfying equations and respectively, such that the formal
power series solution is uniquely determined.

As we said before, a and b are two K-invariant endomorphisms which preserve the
splitting of p in a + part and in a — part. Moreover, as we saw in section they are
given by

a=1, by=0 and b_ = Li(v),

where we have that Ly € W .

Now, using expressions given in (1.15)) and Lemmas 4.2 and 4.4 of [28], we can write
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the operator £,,, as follows. First of all, we have that

(dm(t)A)a §= (dx(t)rsing)l <&,

B(a,b) = —kb,
(OyB)(ap) - & = —kE —tr (§) Ly,

. €
C(z,y,t) = 2z ly + TTreg — tT (xfly)y + uy + im,

where ¢ € Sym?(V @ p_ )X and

(dat(t)rsing)l : €+ = (k + 1)£+ — 2tr (£+) Lr,

e'g—a

1
(da(r)Tsing)1 - €= = 5

where C is an operator defined by € = — Z’;C:l ad(U,)?. Note that, if the H-homogeneous
standard metric on S* is normal, we have a bi-invariant metric on h and we can extend
the basis {U,} of p4 C b to an orthonormal basis {V,} of b, equipped with this bi-
invariant metric, and we have that € = —3"_ ad(V,)? is the Casimir operator for the
adjoint representation on p_ and End(p_). Note that we obtained, apart from C, the
same expressions as |28, p. 129].

Substituting these expression in , we have that

L &= (m+1)§— (drsing)l'é‘i‘kf‘i'tr(f)l—&--

m 4+ 2
Furthermore, by [28, Lemma 4.6], we have that

k
(Lm-s>+=m(1+mj12>f++<
1

(Lm-g)_:(m—i—l—l—k){_—mi@-f_.

e tr(§4) + tr (f)) L,
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Again by Lemmas 4.2 and 4.4 of [28] and by ((1.16)-(1.17]), we also have that

(dagy Dli=of = KF + (k= 1) tr (27 ()21 (0))] — tr (reing(0))f
=kf+ (k—Dkf —tr((k—1)1)f
=kf+ (k—1Dkf— (k—1)kf
=k,

Doy B)li=of = —kf,

so that the operator Em becomes

~ k

We now have to verify that the initial conditions ((1.25]) and ([1.26)) hold and that (1.32))

is satisfied. Note that ([1.25) is satisfied as explained in |28, p. 130]. Then, we have that
A(4(0)) = 0, because ©(0) = 0. Moreover,

(i) A)le=0ii(0) =kii(0) + (k — 1) tr(@~"(0)2+(0))i(0) — tr (rsing(0))i(0)

—kii(0)

by Lemmas 4.2 and 4.4 of [28] and B(0,ii(0)) = —kii(0) by definition. Hence, (T.26)
holds as well. As the initial conditions hold, we need to verify equation ([1.32)) and to

show that
l

i)=Y %tm
m=0 ’

defines a smooth G-invariant metric around @ for all . By Lemma this means that
we need to prove that x,, € ev(W,,) for all m.
In [28], the authors show that £, (ev(Wy42)) C ev(Wiy,), by decomposing ev(Wy,4+2)

into eigenspaces of £,, and showing that the only eigenspaces corresponding to nonzero
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eigenvalues lie in ev(Wy,) C ev(Wp,42), (we can always modify the degree of a homoge-
neous polynomial by an even factor without changing its value on the sphere). Moreover,
L, maps ev(W,,) bijectively onto itself if m > 0. Hence, the equation L, - Ty 2 = D,
has a solution if and only if D, € ev(W,,). Moreover, we also have that the kernel of
L, is isomorphic to W, /W . We need now to show that x, € ev(W)) for all p and
that Dy, € ev(W,,) for all m. In 28], the authors show this by induction over m. They
show that there exists a solution xy,42 of Ly, - Tiy2 = Dy, but we can add an arbitrary
element of the kernel of the operator considered, as it is not trivial.

Considering the multiplicative operator defined by , we can see that it maps

ev(W,,43) to itself. So we need to show that D,, € ev(Wy,+3) and that

m

u(t) =Y g

l
p=o V"

defines a smooth G-invariant function around @ for all m. This means that we have to
show that wu, € ev(W,,) for all p. We can prove that Dy, € ev(Wipi3) by induction over
m. We have that u; = 0 € ev(W;). Then, suppose that u, € ev(W,) forp=2,...,m+2,

which implies that 4 *2(t) is even in ¢, and consider

m+2 u
() =um™ () = Y p—"’t”,

p=0

which defines a smooth G-invariant function around @), because of the discussion in
Section By definition, we have that u satisfies equation ((1.20)). Let E,E and C
be the analogues of g, B , C for 7. Moreover, let ﬁm be some function of uy, ..., Upmi2

which satisfies an analogue of equation ((1.30)) for u. Now, as u,+3 = 0 € ev(W,,4+3) and

Lolmys = ﬁm, we have that ﬁm = 0. Then, by equations ([1.28) and (1.30) and by
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recalling the expression of C given by (|1.18), we have that

D,, Dy —Dn, ~ -
— =Cpn—-0Cn=0 W .
m—+1 m+1 mn m € ev(Winys)

Hence, D,, € ev(Win+3) and a solution w43 to zmum+3 — D,, exists in ev(Wint3).

The indeterminacy is just in the operator £,, and it is the same as in the Einstein
case. In [2§], the authors describe this indeterminacy in the formal power series solution.
If m > 0, after solving the — part of £, %12 = D, the + part is uniquely determined.
On the contrary, if m = 0, the trace free part of (z2)4 is arbitrary. This is to be expected,
as the values of 2(0) and y (0) are fixed by the geometry of the problem and this implies
that the usual freedom in the initial value problem lies in the trace free part of (x2).
Furthermore, by [28, Section 1|, we see that the spaces W, eventually stabilise. So,
suppose that

Wom = Wapy and . Wy = Wo 41

for all m > mg and for all m > my, respectively. Hence, as ker(Ly,) = W, /W, we

have that the indeterminacy of the initial value problem considered is given by
(ngo/W(;) D (W5m1+1/Wf)’

where, in particular,

Wo = Sym?(V) @ Sym?(p_)*.

The formal solution to the initial value problem — has the property that if
truncated at any order it gives a smooth G-invariant metric and a smooth G-invariant
function on N@. Now, by in [43] Theorem 7.1|, we obtain a genuine solution to the
problem considered which is defined on a small interval [0, 7']. The genuine solution may
also be obtained by carrying out the Picard iteration directly, as shown in [28]. From this,

one can see that z,,(t) defines a smooth G-invariant metric on a tubular neighbourhood
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of radius T" around . Moreover, by [28, Lemma 1.2], we can choose m to be at least
3. Hence, the solution z gives a C® G-invariant metric which satisfies the appropriate
equation. Finally, by |23 Lemma 2.2], the pair (z,u) gives a smooth G-invariant Ricci
soliton on the tubular neighbourhood of radius 7" around the singular orbit Q.

To conclude this section, as the reader may not be familiar with [28], we describe

some examples, which show how to compute the indeterminacy explicitly.

Ezample 1.6.1 ([28]). Let
G=S5S0(p+n), H=S50(p) xSO(n), and K = SO(p)x SO(n—1).

Then, the manifold we are dealing with has dimension np + n 4+ 1. H acts effectively
and transitively on the unit sphere in V. By [28, Lemma 1.2|, we have that W, =
Hom (Sym™(V), Sym?(V))# is isomorphic to zero if m is odd and that all these spaces
are isomorphic if m is even. Hence, we can compute the indeterminacy in (x2)4, which
is given by the dimension of Hom(Sym?(V'), Sym?(V))#, which is 1, by [28, Lemma 1.2].
Now, we need to compute the dimension of W,,, = Hom(Sym™(V), Sym?(p_))*. As an
H-representation p_ is the tensor product of the standard representation p, of SO(p)
and the standard representation p,, of SO(n). On the other hand, V is the tensor product

of the trivial representation 1 of SO(p) and py,. It is well known (see [30, p. 296]) that

Sym™(V) =0 @ 0o @+ ® Tmn—2[m];

where oy, is the irreducible representation of SO(n) with dominant weight & times that

of p,. We also have that

Sym?(p-) = (Sym®(pp) ® Sym®(pn)) @ (4%(pp) @ A2(pu)),
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which decomposes as

(02®02)®(1R02)®(02®1)D(1®1)® (ad, ®ady),

where we used the fact that the adjoint representation of SO(n) is equivalent to A2V .
Applying Schur’s Lemma, we have that the dimension of W, is 2 when m > 2
is even, it is zero if m is odd. Finally, dim(W, ) = dim(Sym?*(p_)¥) = 1. Thus, the
indeterminacy which occurs with (x2)_ has dimension 1. We have that the choice of
the initial metric is unique up to homothety and the only choice for the initial shape
operator is zero, because V is not a summand in Sym?(p_). This means that the singular

orbit must be totally geodesic. Anyway, there is a one-dimensional freedom in choosing
(z2)4-

Example 1.6.2. Let

G=50(n+2), K=50(n), H=S50(Mn+1).

The manifold M on which G acts has dimension 2n+2, the principal orbits for this action
are given by the Stiefel manifold, which is the homogeneous manifold SO(n+2)/SO(n)
for n > 2, and the singular orbit is given by the sphere S"*!, which has dimension n + 1
in M.

We want to compute the indeterminacy in the initial value problem for cohomogeneity
one gradient Ricci solitons. We have that V «» R"t! as H-representation, is given by the
standard orthogonal representation p, ;. Similarly, p_ v R"*! as H-representation, is

given by pp+1. Hence,

Sym*(p-) = Sym*(ppy1) = 02 & 1.

Note that the assumption ([1.7) is satisfied, because we assume that the metric g; is
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diagonal with respect to the following decomposition:

g=tDp1 Dp2Dps,
p
where p; and po are n-dimensional SO(n)-representations and ps is the trivial SO(n)-
representation. With this decomposition we have that p_ = ps & p3. By Schur’s Lemma
we then have that the dimension of W, is zero if m is odd and it is one if m > 2 is
even. Moreover, W has dimension one. So, we have that the indeterminacy in (z2)—
is zero. We can now compute the dimension of W, which is zero if m is odd and 1 if

either m is zero or m > 2 is even. So the indeterminacy in (z2)4, which is given by the

dimension of W5, is one. So we just have a one-dimensional freedom in choosing (z2) .

Instead of considering H = SO(n + 1), we could consider H = SO(2) x SO(n),
so that the singular orbit Q = G/H has codimension 2. We have that V « R? and,
as an H-representation, it is given by ps ® 1. On the other hand, p_ = R?", as an

H-representation, is given by 1 ® p, ® p,. We then have that

Sym?(p_) = Sym*(pn ® pn) = (Sym*(pn) ® Sym*(pn)) & (4%(pn) © 4*(pn))

=(2®02) @ (1R02) D (0221)®(1®1) @ (ad, ®ad,,).

Then we have that the dimension of W, is two when m > 2 is even and it is zero when
m is odd. Moreover, the dimension of W;™ is one. So we have that the indeterminacy in

(z2)_ is one. As the dimension of W5 is one, the indeterminacy in (x2)+ is one.



Chapter 2
Homogeneous Ricci flow

2.1 Introduction

In this chapter, we are going to consider a certain class of compact and connected
homogeneous spaces such that the Ricci flow of invariant metrics, which we will call
homogeneous Ricci flow (HRF), always develops a singularity in finite time. We will
also show that this singularity is always of type I and we will describe different singular
behaviours that can occur, as we approach the singular time. Moreover, in some cases,
we will investigate the existence of ancient solutions to the HRF.

Note that the study of the Ricci flow of invariant metrics on homogeneous spaces
is closely related to the existence of invariant Einstein metrics on these spaces. In par-
ticular, some of the homogeneous spaces that we consider are interesting because they
include many examples of compact homogeneous spaces which do not admit any in-
variant Einstein metric. The existence and non-existence of invariant Einstein metrics
on compact homogeneous spaces have been studied extensively by Wang, Ziller, Béhm,
Kerr and Dickinson [49, 6, [7, [8, 10}, @ 25]. The lowest dimensional non-existence exam-
ple is the 12-dimensional manifold SU(4)/SU(2) and it was found by Wang and Ziller

[49]. Later, Bohm and Kerr [9] showed that this is the least dimensional example of a

40
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compact homogeneous space which does not carry any invariant Einstein metric. New
non-existence examples were produced by Bohm in [8]. When the isotropy representa-
tion decomposes into pairwise inequivalent irreducible summands, these non-existence
examples are of the type that we consider in this paper.

We would also like to mention that HRF on other spaces has been studied before by
many authors [37, [38] [41), 42| [45]. Here we focus more on the relation between the Ricci
flow of invariant metrics and the existence and non-existence of homogeneous Einstein

metrics, without any restriction on the dimension.

2.2 The Ricci tensor of a homogeneous Riemannian mani-

fold

In this section, we are going to explore in more detail the Ricci tensor of a homogeneous
Riemannian manifold. Let G/K be a compact connected homogeneous space. Let g and
£ be the Lie algebras of G and K, respectively. Let p be an orthogonal complement of ¢
in g such that

g=tdp.

Let @ be an Ad|, -invariant scalar product on p. It is well known that for every G-

invariant Riemannian metric g, p decomposes into Ad|, -invariant irreducible summands:

p=p1Op2®--- Dy, (2.1)

such that g is diagonal with respect to Q:

g=11Q), ®r2Q),, & DmQ), (22)
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where z; > 0, for all ¢ = 1,...,l. In general, the decomposition is not uniquely
determined, but we do have uniqueness for the decomposition of p into isotypical sum-
mands. Each isotypical summand is given by the direct sum of irreducible summands of
p which are equivalent to a fixed summand. By Schur’s lemma, every invariant metric g
and its Ricci tensor Ric(g) respect the splitting of p into isotypical summands. We have

the following definitions.

Definition 2.2.1. If the isotropy representation p is irreducible as a K-representation,

then the homogeneous space is called isotropy irreducible.

Definition 2.2.2. If the irreducible summands in (2.1]) are pairwise inequivalent, then

the isotropy representation is called monotypic.

Remark 2.2.3. In the monotypic case, by Schur’s Lemma the Ricci tensor and the metric
respect the splitting of p.

Let @ be an Ad), -invariant scalar product on p such that its restriction to every
irreducible summand is a negative multiple of the Killing form B of G. Consider now
the decomposition ([2.1) of p into Ad) -invariant irreducible summands such that the
G-invariant Riemannian metric g diagonalises with respect to @), as in . Let r4 be

the Ricci endomorphism, which is defined as

RlC(g)(X, Y) - g(rg(X% Y)7

for all X,Y € p. By [49] and [44], for every ¢ € {1,...,1}, the Ricci endomorphism on

an isotypical summand p; is given by
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where d; = dim(p;) and b; > 0 is defined by

=By, =b:Qy,,;

for all i = 1,...,1. Moreover, the structure constants [ijk], which appear in the above

formula, are defined by

[Z]k] = Z Q([eaa 6,3}? 67)27

where the sum is taken over the Q-orthonormal bases {en}a, {€g}s and {e,}, of p;, p;
and py, respectively. Note that [ijk] is symmetric in 7, j and k.

The relations between these quantities have been described in [49]:

l
dib; = 2dic; + Y [ijk], 1<i<l, (2.3)
g.k=1

where ¢; are the non negative constants defined by:
CpQ =¢i- id|pi’ 1<i<l,

where Cp, 9 = — >, ad(eq) 0 ad(eq) is the Casimir operator for the adjoint representa-

tion of p;, for allt =1,...,1.

2.3 Singularities in the Ricci flow

Now let us consider the Ricci flow equation in the homogeneous case. We note that, if
M is G-homogeneous, the Ricci flow equation becomes a system of nonlinear ordinary
differential equations. More precisely, choose a background metric ). Then consider the

following decomposition of p:

p=p1D---Dpy,
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where the p;’s are pairwise inequivalent Ad|g-invariant irreducible summands, so that
we are in the monotypic case. As every G-invariant Riemannian metric diagonalises as
in (2.2)), if the initial metric is G-homogeneous, every solution to the Ricci flow equation

will take the form

g(t) = 21(1)Q),, ® 22(D)Qy,, & - B 1 (H)Q), .

where x1(t),...,2;(t) are smooth functions of ¢, which are strictly positive for all ¢ for
which ¢(¢) is defined. We then have that g(¢) defined above is a Ricci flow if and only if

x1(t), ..., x(t) satisfy the system

l l
. 1 o xk(t) 1 N z2(t)
£i(t) = =bi+— ) lijk] = oo Q) [kl (2.4)
d; j;1 zj(t)  2d; j;l j(t)r(t)
for all ¢ = 1,...,l, and where "indicates the derivative with respect to t, together with

the condition z;(t) > 0, for all i =1,... 1.

We will now recall the definition of singular solution to the Ricci flow.

Definition 2.3.1. Let (M, g) be a closed Riemannian manifold. A solution g(¢) to the
Ricci flow on M x [0,T), with T" < 400 is a mazimal solution if either T = +o0 or
T < +o0 and the norm of the curvature tensor | Rm(g(t))(x,t)| is unbounded, as t — 7.

In the latter case, the maximal solution is called singular.

According to Hamilton [36], we can classify singular solutions to the Ricci flow into
type I and type II singularities. We say that a solution g(t), with ¢ € [0,T"), to the Ricci

flow develops a type I singularity at t =T if
i) T < + o0,

it) supepo.r) (SuPpens | Rm(g(t))lger) (0, 1)) = + o0,
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i) supyepo.r) (7 — £) suppers | Rm(g(6))] g0 (p, 1)) < +oc.

On the other hand, a solution g(t) to the Ricci flow, with ¢t € [0,7"), develops a type II

singularity at t = T if 1) and ii) above are satisfied and if

sup ((T ~ ) sup | Rm(g(0))], 0 t)) ~ o
t€[0,T) peEM

2.4 Ancient solutions to the Ricci flow

Definition 2.4.1. Let (M, g) be a closed Riemannian manifold. A solution g(¢) to the
Ricci flow on M which is defined on the time interval (—oo,T"), with T" < oo, is called

an ancient solution.
According to Hamilton [36], we can classify ancient solutions to the Ricci flow in
type I and type II. We say that an ancient solution g(¢) to the Ricci flow is of type I if

Jtim (it sup [ Ron(oe)yo0.)) < o

Otherwise, we say that the ancient solution is of type II.

These kind of solutions are important, because they arise as limits of blow ups of
singular solutions to the Ricci flow near finite time singularities. Suppose g(t) is Ricci
flow on M which is defined on the maximal time interval [0,T"), with T < co. Consider

a sequence {(pj,t;)}52,, with p; € M and t; — T, such that

|Rm|(p;,t;) = sup  [Rm(g(t))|y(p,t) = +o0.
peG/K, te[0,t;]

Let

t
9;(t) = !le(PjvtjM(tj + Ile(pj,tj))
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Then (M, gj(t), p;) converges in the smooth pointed Cheeger-Gromov sense to

(N, goo(t), Poo) Zjlgrolo (M, g;(t),p;),

which is an ancient solution to the Ricci flow on N, see for example [48, Theorem 8.5.1].

2.5 A notion of convergence for metric spaces

The Hausdorff-Gromov distance is a way of measuring distances between metric spaces.
Let (A,da) and (B, dp) be two metric spaces. An e-approzimation between A and B is

a subset S C A x B with the following properties:

i) both the projections of S to A and B are onto,

ii) for all (p1,p2),(q1,q2) € S, |da(p1,q1) — dB(p2, q2)| < €.

If there exists an e-approximation between A and B, we write A ~. B. The Hausdorff-

Gromov distance between A and B is defined as
din.g(A, B) = inf{e|A ~. B}.

If such an € does not exist, we write dp.g(A4,B) = oo. We say that a sequence of
metric spaces {(Ap,da, )}n converges to (A,d4) in the Hausdorff-Gromov topology if
dy.g(An, A) — 0, as n — oo. An example of this kind of convergence is given by the

following proposition.

Proposition 2.5.1. Let G/K be a compact and connected homogeneous space. Suppose
that there exists an intermediate Lie group H, with G > H > K. Let g, b and € be the

Lie algebras of G, H and K, respectively. Suppose that b is Ad|, -invariant and that
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every G-invariant Riemannian metric on G/K is a submersion metric
H/K - G/K — G/H.

If we have a sequence of G-invariant Riemannian metrics g; on G/K such that the fibre
H/K shrinks to a point, as i — 400, then G/K converges in the Hausdorff-Gromov
sense to G/H.

Proof. Let S C G/K x G/H to be

{(9K,gH),g € G}.

Clearly, S projects onto both G/K and G/H. Now, we can decompose g into two different
ways:

where q and p are orthogonal complements of h and £ in g, respectively. Because of
our assumption that every G-invariant Riemannian metric on G/K is obtained from a
Riemannian submersion, the tangent space at each point of G/K splits into vertical and
horizontal subspaces:

TgK(G/K) = VgK S g-ng’

where the vertical space Vg ~ q is the tangent subspace to the fibre H/K and the
horizontal space H,x >~ q* is its orthogonal complement in T, (G/K) =~ p. Moreover,
the submersion map gK +— gH defines an isometry between H,x and T,y (G/H) and
distances in the g-direction shrink. Hence, given (¢K,gH), (hK,hH) € S,

|1 (9K W) — dg(9H, hH)| — 0,

as i — 400, which proves convergence of G/K to G/H in the Hausdorff-Gromov sense.
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For further details on these matters we refer the reader to [16].

2.6 Type I singularities in HRF

Let g(t) be a Ricci flow on G/K x[0,T), with T' < oo and ¢(0) G-invariant, and suppose

that 7' is a type I singularity for ¢g(¢). Then, as ¢ — T', the scalar curvature blows up:
[R(g(t))] = +o0,
at the type I rate. Moreover, if Volyg)(G/K) < oo, then
Vol (G/K) — 0.

This follows from [27] and the homogeneity. For, given a complete Ricci flow (M, g(t))
on [0,T), which develops a type I singularity in the finite time 7', in [27], Enders, Miiller

and Topping define the following singular sets for g(t).

Definition 2.6.1. Let X', X; and X'g be as follows. X is the set of points p € M such
that there does not exist a neighbourhood U, > p on which | Rm(g(t))4() stays bounded,
as t — T. X7 is defined to be the set of points p € M such that there exists a sequence
(pisti) € M x [0,T), with p; — p and t; — T, such that there exists a constant C' > 0

such that
C

I Run(g(t:))lg(es) (P ts) 2 57—

for all 7. Finally, X' is the set of points p € m such that the scalar curvature R(g(t))(p)

blows up at the type I rate, ast — T.
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In their paper, Enders, Miiller and Topping proved that
X=X =X,
for a type I Ricci flow. They also proved that, if Volyg)(X) < oo,
Voly(¥) — 0,

as we approach the singular time.

If M = G/K, then the homogeneity implies that
Xr=G/K,

from which the above follows.

2.7 Ricci flow on isotropy irreducible spaces

Let G/K be a compact and connected homogeneous space such that it is effective. Sup-
pose that G/K is isotropy irreducible. By Schur’s lemma, isotropy irreducible spaces
carry a unique (up to rescaling) invariant Riemannian metric, which must also be Ein-
stein. Furthermore, as G/K is compact, this unique G-invariant Einstein metric has
positive scalar curvature. Hence, the HRF on G/K is just a rescaling of the initial met-
ric by a function which becomes zero in finite time. We are now going to deduce the
behaviour of the HRF directly from the flow equations as this will be instructive for
more complicated examples. In the case where G/K is isotropy irreducible, the system
becomes as follows. Let d = dim(p) and choose the Ad, -invariant background

metric @ to be —%B, where B is the Killing form of g and b > 0. We, then, have that
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the only nonzero structure constant is given by

d

[111] = Z Q([eaveﬂ]’ev)Q,

a,B,y=1

where {ea}q is a Q-orthonormal basis of p. Then, g(t) = z(t)Q), is a solution to the

Ricci flow equation if x(t) satisfies

SO (L)

where C' > 0, by ([2.3)). Hence,
xz(t) =C(T —t),

where T = @ is the singular time of the HRF. As ¢t — T, G/K shrinks to a point,

because x(t) — 0, and the curvature tensor blows up like (7'—¢)~!, which means that T'
is a type I singularity. Moreover, if we blow up the metric g(t) = x(¢)Q), by (T — )1,
we get an invariant Einstein metric which is homothetic to the initial metric g(0).

If we want to look for the existence of ancient solutions, it is useful to change time
parameter from ¢ to 7 = —t. Clearly, in this case, the solution exists for all 7 > 0 and,
as T — +00, G/K expands homothetically. As z(7) increases linearly in 7, this ancient

solution is of type I. If we rescale the metric g(7) by %, we get an invariant Einstein

metric homothetic to the initial one.

Example 2.7.1. Consider the n-dimensional sphere (S™, g, ) with constant sectional cur-
vature +1. The metric g, is Einstein with Einstein constant given by n — 1. Hence, the

solution to the Ricci flow equation with initial metric g, is given by

9(t) = (1 =2(n = 1)t)ggn-
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2.8 The two isotropy summands case

Let G/K be a compact and connected homogeneous space which is also effective. Let
p be the isotropy representation of K and suppose that it splits into two inequivalent
irreducible Ad), -invariant summands.

This section will be divided into two parts. In the first part, we will suppose that
there exists an intermediate Lie group H, with K < H < G, such that its Lie alge-
bra b is Ad|, -invariant. Note that if both G and K are connected, every intermediate
Lie algebra is automatically invariant under the adjoint action. In particular, H/K is
isotropy irreducible and every G-invariant Riemannian metric on G/K is given by a

fixed Riemannian submersion

H/K - G/K — G/H, (2.5)

by rescaling the metric on the fibre and on the base. We will prove that the HRF
starting at any G-invariant Riemannian metric always develops a type I singularity in
finite time. We will also describe the different singular behaviours which may occur.
Then, we will associate to the different singular behaviours the corresponding subsets
of initial conditions. Finally, we will investigate the existence of ancient solutions to the
HRF. In particular, we will show that, in some cases, it is possible to generalise to G/ K
described above a result of Bakas, Kong and Ni (see [2, Section 7]).

In the second part of this section, we will consider the case in which K is maximal
in G. We will show that the HRF always develops a type I singularity in finite time,
no matter what initial condition we pick. As in the previous case, some classes of initial
conditions give ancient solutions to the HRF. These solutions always converge to an
invariant Einstein metric. More precisely, the flow in this case is converging to the
shrinking flow for Einstein metrics, which is characterised by having the ratio between

the two functions which define the metric fixed.
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2.8.1 When the isotropy group is not maximal

Let G/K be a compact and connected homogeneous space. Suppose that the isotropy
representation of K decomposes into two inequivalent irreducible Ad,g-invariant sum-

mands:

p="p1ODp2.

Suppose further that K is not maximal in G, so that there exists an intermediate Lie
group H, with G > H > K. Let

h=tdp:

be the Lie algebra of H and suppose that it is Ad|.-invariant. Note that the Ad|-
invariance of f is automatically true if both G and K are connected. Choose a background

metric @) such that it is a negative multiple of the Killing form on both p; and po. Then,
[112] =0

and the Ricci flow equation for the one-parameter family of homogeneous Riemannian

metrics

gt = xl(t)Q\m D x2(t)Q|p2

is given by the following system of nonlinear ODEs:

o 11 [122]\  [122] 21 (¢)2
xl(t)__<b1_ 2d,  dy )‘ 2d, x;(t)w (2:6)
Fa(t) = — <b2 - %2?) + [1;22] 28 (2.7)

together with the condition that z1(t), z2(t) > 0.

Remarks 2.8.1.

1. We note that, if by = be, d1 = do and [111] = [222], the above system of equations



2.8. The two isotropy summands case 53

coincides with the system (7.2)-(7.3) of [2]. This is, for example, the case of G simple
and both G/H and H/K symmetric spaces such that d; = ds.

2. Observe that, if [122] = 0, the system (2.6)-(2.7) reduces to

n(t) = — <b1 _ gf),
do(t) = — (b2 - %Zj] )

This is the situation in which the universal cover of G/K is given by a product of isotropy

irreducible homogeneous spaces (cf. [49, Theorem 2.1|). In this case, the analysis is just

the same as the one performed in section 2.7 on each factor.

Motivated by the above remark, we will assume that [122] > 0. Now, let

B [122]
A= (2.8)
p= 122 (2.9)
do
C=b - [;2] - [1;12] — 2 + [;2], (2.10)
Dy 22, 22200 (2.11)

2d2 2 2d2 d2

A, B and D are all strictly positive, because [122],d;,ds > 0 and by (2.3). Moreover,
(2.3)) also implies that C' > 0. Note that C' = 0 if and only if ¢; = 0 and [111] = 0. This
is the case of p1 being a trivial 1-dimensional summand in the decomposition of p. Using

these quantities, the system (2.6)-(2.7]) can be written as

T 2
#(t) = —C — Ax;g;?’ (2.12)
is(t) = —D + 210, (2.13)

T2 (t)
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It is useful to consider the following quantity. Let

(1)
t) = .
y(t) a(0)
Note that — can be written as
i1(t) = —C — Ay(t)?, (2.14)
#9(t) = —D + By(t). (2.15)

Under the Ricci flow (2.12)-(2.13)), y(¢) evolves as follows:

y(t) = (= C+ Dy(t) — (A+ B)y(t)?). (2.16)

Note that the equation

C—-Dy+(A+B)y*=0 (2.17)

has solutions if and only if the following inequality is satisfied:

By [49], we know that the above inequality is satisfied if and only if G/K admits a G-

invariant Einstein metric. More precisely, (z1(t), z2(t)) defines a homogeneous Einstein

metric on G/K if and only if 28 is a (positive) root of (2.17). Observe that the roots
of (2.17) are always positive because the positivity of A, B, C and D implies that the
sum and the product of the roots are positive. In particular, G/K carries at most two
distinct G-invariant Einstein metrics, up to scaling. We will denote by y; and ys the

solutions to equation (2.17]).

Remark 2.8.2. If y(0) = y;, then we will get the trivial solution corresponding to y(t) =

yi, for all i = 1, 2. We then have that y;, with i = 1, 2, are fixed by the HRF. Moreover, as
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we already mentioned in the introduction, x;(t), with ¢ = 1,2, just scale homothetically

for all ¢ such that a solution exists.
The following lemma holds.

Lemma 2.8.3. y(t) is monotonically increasing or decreasing under the HRF.

Proof. According to the number of roots of (2.17)), we have that only three possibilities

can occur:

e Equation (2.17)) has no solutions and
—C + Dy(t) = (A+ B)y(t)®

is always negative;

e Equation (2.17)) has a unique solution g such that

—C + Dy(t) — (A+ B)y(t)* = —(A+ B)(y(t) — 9)*

e Equation (2.17) has two distinct solutions y; and yo such that

~C+ Dy(t) = (A+ B)y(t)* = —(A + B)(y(t) — y1)(y(t) — o).

By , we have that, when has no roots or only one root, y(t) is monotonically
decreasing for all ¢ such that a solution to the HRF exists. Now suppose that has
two distinct roots y; and ys. Suppose without loss of generality that y; < ys. Then,
when y(t) < y1 and y(t) > yo, y(t) is monotonically decreasing in ¢. On the other hand,
when y; < y(t) < y2, y(t) is monotonically increasing in ¢. Because of the uniqueness of
the solution and of remark if y(0) # y;, with ¢ = 1,2, then y(t) # y; for all ¢ such
that a solution to the HRF exists. Hence, y(t) is monotonic along every solution to the

HRF. U



2.8. The two isotropy summands case 56

We now have to distinguish between two cases: C' > 0 and C = 0. We will begin by
considering the situation in which C' > 0 and then, at the end of the section, we will
study the case C' = 0. Let G/K be as above and such that C' > 0. Then the following

theorem holds.

Theorem 2.8.4. There exists T < oo such that there exists a unique solution to the
HRF on G/K which is defined on the mazimal time interval [0,T). Moreover, T is a

type I singularity and, ast — T, one of the following singular behaviours occurs:
i) The whole space shrinks to a point in finite time.

ii) The fibre H/K in (2.5)) shrinks to a point in finite time and the total space G/ K

converges in the Hausdorff-Gromov topology to G/H.

Moreover, a necessary condition for i) to happen is that G/K carries G-invariant Ein-

stein metrics.

Proof. Let

be the functions defined by the right-hand side of (2.12))-(2.13). Since A and B are
strictly positive, f1, fo and their derivatives with respect to x1 and x9 are continuous if

and only if (z1,z2) belongs to

D = {(z1,29) € R?xy # 0}.

We can then apply a standard theorem of ODEs, see for example [I1, Theorem 1.1],

which says that, given any initial condition in ((z1)o, (z2)o) € D, there exists a unique

solution (x1(t), z2(t)) to (2.12))-(2.13) such that x;(tg) = (x1)o, z2(to) = (z2)o and which
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depends continuously on ¢ and the initial data. Moreover, the solution (z1(t), z2(t)) exists
on any interval I containing tp and such that (z(t),z2(t)) € D, for every t € I.

From ([2.12), we have that x1(t) is decreasing in ¢ and

j71 (t) S _Ca

which integrated gives

xl(t) < -Ct+ .%'1(0).

Hence, there exists T < xléo) < o0 such that the unique solution to the Ricci flow

equation will be defined on the maximal time interval [0,7T), otherwise x;(t) becomes
negative. In particular, x(t) will approach a finite limit, as t — 7.

Now, lemma enables us to conclude that x9(t) approaches a limit, as ¢ — 7. In
fact, as @9(t) is given by

#2(t) = —D + By(t)

and y(t) is monotone, so it approaches a limit in [0, 00), there exists ¢ < T such that
x2(t) is monotonically decreasing or increasing for all ¢ > ¢. Hence, it approaches a limit,
as t — T. We also have that this limit cannot be +oc. In fact, from this would
imply that @5(t) — —D, which is a negative value. By the mean value theorem, this is a
contradiction. Hence, z2(t) has a finite limit, as ¢ — T'. Similarly, if &9(t) — 400, z2(t)
cannot tend to zero through positive values. From (2.13), we see that, if z5(t) — 0 and
the limit of z1(¢) is nonzero, then #2(t) — +o00, which is a contradiction. We can then
conclude that, as t — T, y(t) approaches a finite limit and there are only two possible

singular behaviours:
i) Both z1(¢) and x2(t) tend to zero.
ii) x1(t) tends to zero and z2(t) has a finite limit, which is strictly positive.

We will now analyse these two singular behaviours separately.
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Let us begin with case . The singular time T is characterised by the shrinking of

the whole space to a point, as both z1(¢) and x2(t) tend to zero, as t — T Let
5i(t) = (T — )" +o(T— ™), i=1,2, (2.18)

where kj and ko are positive coefficients. First of all, we observe that z1(t)/x2(t) being

bounded for all ¢ € [0,T) implies

ni > ng > 0.

Then, by substituting ([2.18)) into (2.12))-(2.13|), we obtain that n; = ny = 1, which means

that x1(t) and z5(t) tend to zero linearly in ¢. Moreover, we also have that k; and ko

have to satisfy the following system of nonlinear equations:

C k1
At
MO T
D k1
——B—==1.
R

The above system is satisfied if and only if

g=rnQ),, ®kQ,

defines a G-invariant Einstein metric on G/K. Finally, T is a type I singularity, because
| Rm(g(t))]4(r) is asymptotically given by a rescaling of | Rm(g(0))|,() by (I'—t)~! times
a positive constant.

We can now consider case . Here, the singular time 7' is characterised by the fact

that x(t) becomes zero, as t — T'. The Ricci flow then has to stop because the metric
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has collapsed on p;. Let

21 (t) = k(T = 8)" + o((T = )"),

SCQ(t) = ]452 =+ 0(1),

where k1 and kg are two positive constants and n is a positive integer. Substituting these
expression into (2.12)-(2.13), we get that n = 1, which means that x;(¢) tends to zero

linearly in .

Claim 2.8.5. T is a type I singularity.

Proof of the claim. We note that, asymptotically, on p;, the Ricci flow is simply given

by a rescaling of the initial metric by a constant times (T' — t). We, then, observe that

[\

| Rm(g( Z | Rm(g |nz |2(t)\pz. - Z ( ) (Q\m)’Q\p
= 1

because the squared norm of the curvature tensor respects the splitting of the metric
g(t). Hence, asymptotically, |Rm(g(t))|§(t) behaves like (T — t)~2
Hence, | Rm(g(t))|g(z) blows up to +oo like (T'—#)~!, when ¢ — T'. This implies that

T is a type I singularity for the Ricci flow. O

Finally, by proposition we have that, ast — T', G/ K converges in the Hausdorff-

Gromov sense to G/H. This concludes the proof of the theorem. O

We now want to investigate the existence of ancient solutions on G/K as above and
with C' > 0 and associate to each singular behaviour the corresponding subset of initial

conditions. In order to do this, we have to distinguish between three different cases:
(a) G/K carries two G-invariant Einstein metrics, up to scaling;

(b) G/K carries one G-invariant Einstein metric, up to scaling;
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(¢c) G/K does not carry any G-invariant Einstein metric.

Remark 2.8.6. Note that in the case where GG/K does not admit G-invariant Einstein

metrics, C' is always strictly positive.

Case (a)

Let us first consider the case in which G/K admits two non isometric G-invariant Ein-
stein metrics, up to scaling. Let y; > 0 and y2 > 0 correspond to the these two G-
invariant Einstein metrics. In particular, y; and gy are solutions to the following equa-
tion:

C—Dy+ (A+B)y*=0. (2.19)
Suppose without loss of generality that ys > y;. We then have that

ia(t) D — By(t)
OB el —w)

i(t 1 D-B 1 D-B
_u() (_ <B+ y2>+ 3/2>'
A+ B y(t) — Y2 — Y1 y(t) —y2 y2—

We can now integrate this expression and obtain:

__1 B+D_By2> #D_By2
Aza(t) = |y(t) — 1] A+B( V27V )y — g (t) | ATB w2

where A is a non negative constant. We then have a first integral for the Ricci flow

(2.12))-(2.13]). This first integral is given by

1 D—-Bys
A+B yp—y1

1
:Eg(t)

A=

z1(t) ‘ALB(B*W) ’ z1(t) (2.20)

zo(t) N0

We would like to point out that we could use this first integral to solve the equations
(2.14)-(2.15) by integration. In fact, we could express y as a function of x5 using equation
(2.20)) and then we could write t as a function of x2 using equation (2.15). Then z; would



2.8. The two isotropy summands case 61

be defined using y = %

We will now consider three different possible initial conditions:
(a)(1) y(0) <1,
(2)(2) y1 <y(0) <2,

(a)(3) y(0) > ya,

where y(0) = x—gg%. We have the following proposition:

1

2

Proposition 2.8.7. The initial conditions (a)(1), (a)(2) and (a)(3) above are preserved
under the HRF.

Proof. This is essentially the same argument as in the proof of lemma In fact,
because of the uniqueness of the solution and remark [2.8.2] if y(0) # y;, then y(t) # vy;

for all 2 = 1,2 and for all ¢ such that a solution to the HRF exists. O

Note that this proposition also follows from the conserved quantity A.

We will now associate to each initial condition (a)(1), (a)(2) and (a)(3) the cor-
responding behaviour of the Ricci flow and, then, we will investigate the existence of
ancient Ricci flows on G/K.

If the initial condition y(0) lies between y; and y2, then we can prove the following

theorem, which is a generalisation of [2, Theorem 7.1].

Theorem 2.8.8. If y; < y(0) < ya, there exists a positive constant T < oo such that
there exists a unique type I ancient solution to the Ricci flow - defined on
(=00, T). Moreover, T is a type I singularity and, ast — T, G/K shrinks to a point.
This solution flows the invariant Finstein metric corresponding to yo to the invariant

Einstein metric corresponding to y1, as t goes from T to —oc.

Proof. We begin by noticing that theorem [2.8.4] implies that there exists a positive

constant T° < oo such that there exists a unique solution to the Ricci flow with initial
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condition y(0) and defined on the maximal time interval [0, 7). Moreover, z1(t) — 0,
as t — T. By proposition we have that y; < y(t) < yo, for all ¢ € [0,T). Hence,
we also have that z4(t) — 0, as t — T". This means that G/K shrinks to a point, as t

approaches the singular time 7'. The evolution equation of y(t) is given by

(A+ B)

o )~ ) ) (221)

y(t) = -

Hence, y(t) is increasing in ¢. By the proof of theorem (2.8.4), we have that both z1(t)
and z2(t) tend to zero linearly in ¢. Recall that, as we approach the singular time 7',

y(t) is increasing in ¢ and it approaches a limit. Let

z1(t) = ki (T —t) + o((T — 1)),

xo(t) = kao(T — t) + o(T — 1),

where k1 and ke are two positive constants. Substituting these expressions in (2.12))-

(2.13) and taking the limit as t — 7', we obtain

]{32
—ky=-C—-A2L
1 ki%’
—kQ:—D—i—Bﬁ’
ko

which means that k1Q) o @ k2@ oo corresponds to a G-invariant Einstein metric on G/ K.

This implies that

lim y(t) = vs.
tgr%y() Y2

We now have to show the existence of ancient solutions to the Ricci flow. In order to do

this, it is convenient to change the time parameter from ¢ to 7 = —t. Let ’ denote the
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derivative with respect to 7. Then the system (2.12)-(2.13)) becomes

z (1) = C + Ay(r)?, (2.22)

x5(7) = D — By(1), (2.23)

together with the condition z1(7) > 0 and z2(7) > 0. The evolution equation of y(7)

becomes:
_A+B

CL’Q(T)

y(7) (W) = y1)((7) — v2). (2.24)

By proposition y1 < y(7) < yo2 along any solution to the Ricci flow. Hence, y(7)
is decreasing in 7. Moreover, the right-hand side of (2.22))-(2.23]) are bounded for all 7
such that a solution to the Ricci flow exists and the bounds depend on y,. From (2.22)),

we see that z}(7) > 0 for all 7. We also have that

25(7) > D — Bys > D — >0

A+ B

where we have used the fact that

_ D++/D?*-4C(A+ B)
v2 = 2(A+ B) ’

as it is the biggest solution to (2.17). Hence, both z1(7) and z5(7) are increasing in 7
with bounded derivatives. Moreover, from , we have that y(7) is decreasing in 7.
We can then apply standard ODE theory and conclude that a solution to the Ricci flow
exists for all 7 > 0, as long as y(7) > y;. By the uniqueness of the solution to the Ricci
flow equation, y(7) cannot become y;, as long as x1(7) and xo(7) are positive. Hence,
we can conclude that for every initial condition y; < y(0) < ya, there exists a unique
ancient solution to the Ricci flow defined for 7 € [0, +00), i.e. for t € (—o0,0]. To finish

the proof we notice that, by the asymptotic analysis and the fact that y(7) remains
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bounded, we have that both x1(7) and x5(7) increase linearly in 7, as 7 — +o0. This

implies that the ancient solution is of type I and that, as 7 — 400, y(7) — y1. O

To conclude the study of the Ricci flow in this case, we will consider the other two

possible initial conditions (a)(1) and (a)(3). The following two theorems hold.

Theorem 2.8.9. If y(0) < yi, there exists a positive constant T < oo such that there
exists a unique type I ancient solution to the Ricci flow equation defined on (—oo,T'). As
t = T, the fibre H/K in (2.5) shrinks to a point and G/K collapses in the Hausdorff-

Gromov sense to G/H. Furthermore, ast — —oo, y(t) — y1.

Proof. As the initial condition is preserved under the Ricci flow, equation implies
that y(t) is decreasing in t. By theorem there exists T' < oo such that there exists
a unique solution to the HRF which is defined on the maximal time interval [0,T).
Moreover, as we approach the singular time y(¢) — 0. In fact, suppose that y(t) — yo,
as t — T, where yo > 0. This would be the case of both z1(t) and z2(t) going to zero,
as t — T. From the proof of theorem we know that z1(¢) and z2(t) tend to zero
linearly in t. Using this fact and —, we can compute that yy < y; has to be a
G-invariant Einstein metric on G /K. However, this cannot happen, because G/ K carries
exactly two homogeneous Einstein metrics, which correspond to y; and y2. We can then
conclude that, as ¢ — T, y(t) — 0, which means that z;(¢) tends to zero, while (%)
remains strictly positive. This tells us that the singular behaviour which characterises
the HRF in this case is the shrinking of the fibre H/K in and the collapsing of
G/K to G/H in the Hausdorff-Gromov sense.

We will now show the existence of ancient solutions to the Ricci flow. As we did in
the proof of theorem [2.8.8] let us change time parameter from ¢ to 7 = —t. Then, from
([2-24), we have that y(7) is increasing in 7. As y(7) < y; for all 7 such that a solution
to the above system exists, the derivatives 2/ (7) and z5(7) remain bounded. We then

have that, as 7 increases, the solution to the Ricci flow exists as long as x1(7) and z2(7)
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remain positive and y(7) < y1. As z1(7) and z2(7) are increasing in 7, the solution to
the Ricci flow exists as long as y(7) < y1. By the uniqueness of the solution, y(7) cannot
reach y; as long as z1(7) and z5(7) remain positive. Hence, the solution exists for all
7 > 0. Moreover, using the asymptotic analysis and the fact that y(7) remains bounded,
it is possible to compute that x1(7) and x2(7) both increase linearly in 7, as 7 — +o0.
This fact implies that the ancient solution is of type I and, using and , it

also implies that y(7) — y1, as 7 — +o00. This concludes the proof of the theorem. [J

Theorem 2.8.10. If y(0) > yo, there exists a positive constant T < oo such that there
exists a unique solution to the Ricci flow equation defined on [0,T). Ast — T, G/K
shrinks to a point and y(t) — yo. In particular, there are no ancient solutions to the

HRF in this case.

Proof. By and the fact that the initial condition is preserved under the Ricci flow,
we have that y(t) is decreasing in ¢. By theorem there exists a positive constant
T < oo such that there exists a unique solution to the Ricci flow with initial condition
given by y(0) and defined on the maximal time interval [0,7"). Theorem also tells
us that, as t — T, z1(t) — 0. Moreover, as y(t) > yo for all ¢ € [0,7T), we have that
x1(t) — 0 implies that zo(t) — 0, as t — T. Hence, the behaviour of the Ricci flow,
as t approaches the singular time T, is given by the shrinking of the whole space to a
point in finite time. Moreover, by the proof of theorem we know that x;(¢) and
z9(t) tend to zero linearly in ¢. Using this fact, from (2.12)-(2.13), we can compute that
y(t) = yo,as t = T.

It remains to show that, with this initial condition, there are no ancient solutions to

the HRF. Let us change time parameter from ¢ to 7 = —t. We are then considering the

system given by (2.22))-(2.23)). By (2.24)), y(7) is increasing in 7. The evolution equation

(2.22) implies that x1(7) is increasing in 7. Moreover, 2} (7) > C' > 0. We then need to

understand the behaviour of x2(7), for all 7 such that a solution exists. If 24(0) < 0,
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by (2.23) 24(7) < 0 for all 7 such that a solution exists. If z5,(0) is non negative, then

xb(7) will be positive until 7 = 7y such that =4 (79) = 0. In fact, 24 (7) = 0 if and only if

y(1) = B > yo. Moreover, if y(0) < £, then y(7) will become & in finite time. In fact,
if y(7) approaches a limit, then this limit has to correspond to a homogeneous Einstein

metric on G/K, but this is not possible because the only two invariant Einstein metrics

are y; and y2 and y(7) > yo, for all 7 such that a solution exists. As
x5(1) = —By'(1) <0,

for all 7, 79 is the maximum point of xo(7). Then, z4H(7) < 0 for all 7 > 79. If a
solution to (2.22))-(2.23) existed for all 7 > 0, then z1(7) would diverge to +co and z2(7)
would remain bounded and positive. From (2.23), this implies that z5(7) — —oo, as
T — 400, which is not possible. Hence, the solution will have to stop at a finite 7, which

is characterised by x2(7) becoming zero. This concludes the proof of the theorem. [

Case (b)

We will now consider the case in which G/K admits exactly one G-invariant Einstein

metric, up to scaling. Let ¢ be the unique solution to (2.19). We then have that

ia(t) _ g(t) D —y(t)
m(t) A+ B{y(t) — )2

which integrated gives the first integral

p— 1 D-y() ks
A= nm P ( T A+ By - g)‘y(t) —9TE, (2:25)

where 4 is a positive constant.
We will now describe the behaviour of the Ricci flow, according to the initial condi-

tion. We can have two possible initial conditions:
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Remark 2.8.11. We note that the evolution equation of y(t) is given by

i) = = ) =

Hence, y(t) is always decreasing in ¢.

Using the first integral (2.25) and the fact that the solution to the HRF is unique we

can prove the following proposition, which is an analogue of proposition [2.8.

Proposition 2.8.12. The initial conditions (b)(1) and (b)(2) above are preserved under

the Ricci flow.
We then have that the following theorem holds:

Theorem 2.8.13. If y(0) < g, there exists a positive constant T" < oo such that there
exists a unique type I ancient solution to the Ricci flow — with initial condition
y(0) and defined on the mazimal time interval (—oo,T'). As t — T, the fibre H/K in
shrinks to a point and G/K collapses to G/H in the Hausdorff-Gromov sense.
Moreover, as t — —o0, y(t) — §.

On the other hand, if y(0) > y, there exists a positive constant T < oo such that there
exists a unique solution to the Ricci flow with initial metric given by y(0) and defined
on the mazimal time interval [0,T). Ast — T, the whole space G/K shrinks to a point
and y(t) — 4. In particular, there are no ancient solutions to the Ricci flow with initial

condition y(0).

To prove the first part of the theorem, we proceed as in the proof of theorem [2.8.9
and the proof of the second part of the theorem works in the same way as the one of

theorem [2.8.10] As these proofs are very similar, we will omit it.
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Case (c)

In this case, by theorem [2.8:4] the behaviour of the Ricci flow starting at any G-invariant
Riemannian metric will be characterised by the shrinking of the fibre H/K in (2.5) and
the collapsing in the Hausdorff-Gromov sense of G/K to G/H. Moreover, the following

proposition is true.

Proposition 2.8.14. If G/K described above does not carry any G-invariant Einstein
metric, then the Ricci flow on G/K starting at any homogeneous Riemannian metric

does not have ancient solutions.

Proof. Let us change time parameter from ¢ to 7 = —¢. In particular, we have that
1
y(r) = (C = Dy(r) + (A + B)y(r)?),
210

where, as before, ’ refers to the derivative with respect to 7. From this, we can see
that y(7) is increasing in 7. Now, consider the system -. From the evolution
equation of x1(7), we have that it is always increasing in 7. Moreover, = (1) > C > 0,
for all 7 such that a solution exists. We will now determine the behaviour of za(7). We
need to distinguish between two possible situation, depending on the sign of x4(0). If
x4(0) < 0, then z4(7) < 0 for all 7 such that a solution to the HRF exists. On the
other hand, if 4(0) is non negative, x2(7) will be increasing in 7 until 7 = 7y such that
xh(10) = 0. As 2l (1) = —By/(7), 10 is the maximum point for z(7). Then, xo(7) will
be decreasing in 7 for all 7 > 79. We note that 7y has to exist, because y(7) cannot
approach a finite limit, as this has to correspond to a homogeneous Einstein metric
on G/K. If a solution existed for all 7 > +oo, then z1(7) would diverge to +oo, as
T — +o0. Furthermore, z5(7) would remain bounded and positive. This implies that the
first derivative of z2(7) would diverge to —oo, as 7 — 400, which is not possible. We
can then conclude that the solution has to stop at a finite 7, which is characterised by

x2(7) becoming zero. O
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To conclude this section, we will consider G/K as described above and such that

C = 0. In this case, equation ([2.16|) becomes

i(t) = @ (Dy(t) — (A + B)y(t)?).

Hence, G/K always admits a G-invariant Einstein metric which is unique up to scaling.

Let
D
Y= A+ B

denote this homogeneous Einstein metric. Then the evolution equation of y(t) becomes

y(t)

(y(t) — 7).

We have two possible initial conditions: y(0) < g or y(0) > g. These are preserved under
the HRF, because we have uniqueness of the solution. Then, if y(0) > ¥, y(¢) will be
decreasing in ¢ and it will be increasing in ¢ if y(0) < y. Moreover, y is fixed point of
the HRF, so the regions {y > ¢} and {y < y} are preserved. We can prove the following

theorem.

Theorem 2.8.15. If y(0) > g, there exists T < oo such that there exists a unique
solution to the HRF on G/K which is defined on the mazimal time interval [0,T). T
is a type I singularity and, ast — T, G/K shrinks to a point and y(t) approaches the
unique invariant Einstein metric y. Moreover, there are no ancient solutions.

Whereas, if y(0) < gy, there exists T < oo such that there exists a unique type II an-
cient solution to the HRF on G /K which is defined on (—oo,T). T is a type I singularity
and, as t — T, G/K shrinks to a point and y(t) approaches y. Finally, as t — —oo,
y(t) — 0 and G/K collapses in the Hausdorff-Gromov sense to G/H.
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Proof. The HRF in this case corresponds to the following system of nonlinear ODEs:

l’l(t) = _AyQ(t)v

is(t) = —D + By(t).

We will first show that the HRF always develops a singularity in finite time. In fact, if

y(0) < g, then y(t) < y, which implies that

#2(t) < —D + By < 0.

Hence the HRF has to stop before x2(t) becomes zero. Moreover, z3(t) — 0 implies that

x1 (t)
z2(t)

hand, if y(0) > gy, we have that

x1(t) — 0, because y(t) = < ¢y, for all ¢ such that a solution exists. On the other

i1 (t) < —Ay? <0,

so the HRF will have to stop before z;(t) becomes zero. This implies that also z2(t) tends
to zero, because y(t) > g, for all ¢ such that a solution exists. Hence, every solution to
the HRF will develop a singularity in a finite time 7" and, as t — T', y(t) — y. Moreover,
we can classify this singularity to be of type I, because both x1(t) and x5(t) tend to zero
linearly in ¢.

We will now investigate the existence of ancient solutions. As in the proof of theorem
we can show that there are no ancient solutions when y(0) > g, because zo(t)
becomes zero in finite time. Whereas, if y(0) < g, both x1(7) and z2(7) are increasing
with bounded derivatives for all 7 > 0. Hence, there always exists a unique ancient
solution to the HRF with initial condition y(0). We can then classify this ancient solution

as of type II. This is due to the fact that, as t — —oo, y(t) — 0, which implies that
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x1(t) increases logarithmically in ¢, while x5(t) increases linearly in ¢. Hence,

1
| Rm(g(t))[2) > Tk

as t — —oo. This implies that the ancient solution is of type II. O

2.8.2 When the isotropy group is maximal

Let G/K be a compact and connected homogeneous space such that it also effective.
Suppose that the isotropy representation of K decomposes into two inequivalent irre-

ducible Ad| ,-invariant summands:

p=p1Dpo.

Suppose further that K is maximal in G. This implies that the structure constants [112]

and [122] are both nonzero. Then,

g(t) = 21()Q), B 22(HQ),,

is a solution to the Ricci flow on G/K if and only if z1(¢) and z2(t) satisfy the following

system of nonlinear ODEs:

o [111]  [122] [112] wa(t)  [122] 21(2)?
$1(t)——<b1— i >+ T xj(t) 7 x;(t)2’ (2.26)
o [222]  [112] [122] z1(t)  [112] z2(t)?
x2(t)-—<bg— L >+ 0 x;(t) -5 ;(t)Q, (2.27)

together with the condition x;(t), z2(t) > 0.
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Let
[111]  [122] [112] [122]
1 bl le dl 3 1 dl ) C 2d1 5 ( 8)
22 12l o, (122] ., [112]
Ay = by 2y d By = & Cy = oy (2.29)

Remark 2.8.16. Because of the relations (2.3) and the fact that K is maximal in G, the

quantities A;, B; and C;, with ¢ = 1,2, defined above are strictly positive.

Consider
1 (1)
t) = .
y(t) oal)
Then, the system (2.26)-([2.27)) becomes
Bi(1) = — Ay + 0k~ Cu(0) (2:30)
y(t)
. Cs
() = Ay + Bay(t) — 2. (2.31)

y(t)?

The evolution equation for y(t) is given by

0(0) = o W (0 - y(t)%ia(t)
- y(t);(t)( — (B2 + C1) y(t)® + Ay y(t)* — Ayy(t) + By + Ca).

Let

g1(y(1)) = y()a1(t) = —Cry(t)’ — A1y(t) + By,

92(y()) = y(t)*ia(t) = Bay(t)® — Az y(t)* — Co,

which are two cubics in y(t) with the following properties. The cubic ¢;(y(t)) tends
to —oo when y(t) — 400 and it equals By > 0 when y(¢) = 0. Moreover, g1(y(t)) is

monotonically decreasing in y(¢). Hence, it only has one root, which is strictly positive.
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On the other hand, the cubic g2(y(t)) tends to +oo when y(t) — 400 and it becomes
—Cy < 0 when y(t) = 0. We also have that g(y(¢)) has two critical points: one at
y(t) = 0, which is a local maximum, and one at a positive y(t), which is a local minimum.
Hence, as y(t) increases, g2(y(t)) decreases until it reaches its minimum and then it
increases monotonically in y(¢). We can then conclude that also g2(y(t)) has only one
root, which is strictly positive. As y(t) > 0 for all ¢, the zeroes of g1(y(t)) and g2(y(t))
correspond exactly to the critical points of @1 (¢) and #2(t), respectively. We denote these

points by 71 and g2, respectively. Then, note that y(¢) is a root of the equation
— (Bo+Ch) y()® + Asy(t)* — Aiy(t) + B1 + C2 =0 (2.32)

if and only if ¢1(y(t)) = g2(y(t)). We have that the roots of are always strictly
positive. In fact, if y(¢) is negative, by remark , the above expression is strictly
positive. Moreover, these roots are located between g1 and ¢» defined above. In particular,
this tells us that §; < . In fact, if g2 < g1, £1(¢) and &2(t) are positive for all ¢ such that
y(t) € (g2,91)- Now, the fact that the roots of are all strictly positive implies that
equation has solutions if and only if G/K carries homogeneous Einstein metrics.
As the space is compact, every invariant Einstein metric has positive scalar curvature.
If we start the Ricci flow at a homogeneous Einstein metric, the whole space shrinks to
a point in finite time. So, z1(t) and z2(t) cannot be increasing when y(t) equals to an
invariant Einstein metric. Hence 31 < g2 and #;(t) and @2(¢) are negative for all ¢ such
that y(t) € (J1,92)-

By the above discussion, G/K carries at most three G-invariant Einstein metrics, up
to scaling, which correspond to the roots of . In particular, G/K carries at least

one G-invariant Einstein metric (cf. [49, Theorem 2.2|). In fact,

—(Ba+C1) y* + A2 y® — Ay + Br + Co



2.8. The two isotropy summands case 74

tends to —oo when y — +o00 and it becomes B + Co > 0 when y = 0, which implies
that it has to have at least one positive root. Hence we need to distinguish the following

three cases:
(d) G/K carries three homogeneous Einstein metrics, up to scaling;
(e) G/K carries two homogeneous Einstein metrics, up to scaling;
(f) G/K carries one homogeneous Einstein metric, up to scaling.

Remark 2.8.17. Note that y(¢) is monotone along any solution to the HRF. This is due
to the uniqueness of the solution and the fact that the critical points of y(¢) correspond

to homogeneous Einstein metrics on G/ K.

Before considering the three cases listed above separately, some remarks about the ODE
are as follows. By standard ODE theory, there exists T" < oo such that there exists
a unique solution to the HRF on G/K which is defined on the maximal time interval
[0,T). Moreover, the solution exists as long as both functions are positive and the norm

of the solution is bounded. Consider the phase space

X = {(z1,22) € R%, 21,15 > 0},

to which the solution (z1(¢),z2(t)) to the HRF belongs. We have that x; = giz2 and
1 = Yoxo define two lines in X, which separate the regions in which z1(¢) and xo(t)
are monotonically increasing or decreasing. As 31 < @2, X can be divided into three

connected regions:
i) X1 ={(z1,22) € X, 21 < G122},
ii) Xo = {(w1,22) € X, 122 < 1 < P2},

iii) X3 = {(:L'l,:L'Q) e X, x1 > ﬂzllﬁz}.
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We note that the only region which is invariant under the HRF is the one given by X,

above, as the tangent vector (&1(t),22(¢)) on boundary

{(z1,22) € X, 21 = haa} U {(z1,22) € X, 21 = Joxa}

of X9 always points inside it. Moreover, in this region both x;(t) and () are monoton-
ically decreasing. On the other hand, X is characterised by x1(t) being monotonically
increasing and bounded and x2(¢) being monotonically decreasing. Whereas, in X3, 21 (t)
is monotonically decreasing and x3(t) is monotonically increasing and bounded. We then
have that if (z1(0),z2(0)) belongs to X; or X3 above, the HRF (z1(t), z2(t)) with this
initial condition will always enter the region X5 in finite time and will stay there. Once
in Xo, as x1(¢t) and z3(t) are monotonically decreasing in ¢, the solution to the HRF
exists and it is unique as long as both x1(t) and x5(t) are strictly positive. By the mean

value theorem and (2.26))-(2.27)) x1(¢) and x2(¢) can only go to zero simultaneously, as

m1(t)

t — T, and in such a way that 0

remains bounded and strictly positive. Hence, the
flow will stop at a finite time 7", which is characterised by both z;(t) and z2(t) becoming
zero.

Case (d)

In this case, there are three different solutions to ([2.32)). We will denote them by y1, y2
and y3. Suppose without loss of generality that y; < yo < y3. The evolution equation of

y(t) is given by

y(t) = _:Ug(t;y(t)(BQ +C1) (y(t) — 1) (y(t) — y2) (y(t) — y3).

We have four possible initial conditions:

(d)(1) y(0) <1,
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(d)(2) y1 <y(0) <2,
(d)(3) y2 < y(0) < ys,
(d)(4) y(0) > ys.

Remark 2.8.18. We observe that if we start the Ricci flow at y(0) = y;, then the solution
will be given by y(t) = y;, for all i = 1,... 4.
Because of the above remark and the uniqueness of the solution, we have the following

proposition.

Proposition 2.8.19. The initial conditions (d)(1), (d)(2), (d)(3) and (d)(4) are pre-
served under the HRF.

We will now analyse these different initial conditions separately. We begin by noticing
the following. If y(0) satisfies (d)(1) or (d)(3), then y(¢) will be increasing in ¢. On the

contrary, if y(0) satisfies (d)(2) or (d)(4), then y(¢) will be decreasing in t. Moreover, as

.. By . . B .

i (6) = =530 = 20000 = - (75 + 20000 ) 0
. . Cy . C .

ialt) = Bai(0) + 2,230 = ( B+ 2,25 i)

we also have that §; and g, are maximum points of x1(t) and x5(t), respectively. By
performing an ODE analysis of (2.30))-([2.31)) very similar to the one previously done, we

can prove the following theorem.

Theorem 2.8.20. If (d)(1) is satisfied, then there exists T < oo such that there ezists a
unique solution to the HRF on G/K defined on the mazimal time interval [0,T). T is a
type I singularity and, ast — T, the whole space shrinks to a point and y(t) approaches
the invariant Einstein metric y1. In this case, there are no ancient solutions.

If (d)(2) is satisfied, then there exists T < oo such that there exists a unique type

I ancient solution to the HRF on G/K which defined on the mazimal time interval
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(=00, T). T is a type I singularity and, ast — T, G/K shrinks to a point and y(t) — 1.
Moreover, as t — —o0, y(t) — ya.

If (d)(3) is satisfied, then there exists T < oo such that there exists a unique type
I ancient solution to the HRF on G/K which is defined on the mazimal time interval
(=00, T). T is a type I singularity and, ast — T, G/K shrinks to a point and y(t) — ys.
Furthermore, as t — —o0, y(t) — ya.

Finally, if (d)(4) is satisfied, then there exists T' < oo such that there exists a unique
solution to the HRF on G/K defined on the maximal time interval [0,T). T is a type I
singularity and, ast — T, G/K shrinks to a point and y(t) — ys. There are no ancient

solutions in this case.

Case (e)

We suppose now that (2.32)) has 2 distinct roots. Let us denote them by y; and yo. In

this case, we can write the evolution equation of y(¢) in the following way:

i0) = =i (B C3) 0(0) = ) (0(8) = )"

We then need to distinguish two possible situations, i.e. y; < y2 or y; > y2. Moreover,

for each one of them, we have three possible initial conditions. If y; < y2, we can have
(e)(1) y(0) <,

(€)(2) y1 <y(0) <2,

(€)(3) y(0) > y2.

In this case, y(t) will be increasing in ¢ for y(0) satisfying (e)(1) and it will be decreasing

in t otherwise. If y; > y2, we can have

(€)(4) y(0) < y2,
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(e)(5) y2 <y(0) < w1,
()(6) y(0) > v

Then, y(t) will be increasing in ¢ when y(0) satisfies (e)(4) or (e)(5) and it will be
decreasing in ¢ otherwise.
Note that, in both situations, because of the uniqueness of the solution to the HRF,

these initial conditions are preserved forward and backwards in time. By studying the

ODEs ([2.30)-(2.31]) in the various possible situations, we can prove the following theorem.

Theorem 2.8.21. Suppose that y1 < ya (resp. y1 > y2). Then if y(0) < y1 (resp.
y(0) < y2), there exists T < oo such that there exists a unique solution to the HRF on
G /K which is defined on the maximal time interval [0,T). T is a type I singularity and,
ast — T, G/K shrinks to a point and y(t) — y1 (resp. y(t) — y2). There are no ancient
solutions in this case.

If y1 < y(0) < y2 (resp. y2 < y(0) < y1), there exist a positive constant T < oo
such that there exists a unique type I ancient solution on G/K which is defined on the
mazximal time interval (—oo,T). T is a type I singularity and, as t — T, G/K shrinks
to a point. Moreover, the HRF flows y(t) from ya (resp. y1) to y1 (resp. y2), as t goes
from —oo to T

Finally, if y(0) > ya (resp. y(0) > y1), there exists T < oo such that there ezists
a unique solution to the HRF on G/K which is defined on the mazimal time interval
[0,T). T is a type singularity and, as t — T, G/K shrinks to a point and y(t) — y2

(resp. y(t) — y1). In particular, there are no ancient solutions.

Case (f)

In this case, equation ([2.32)) has exactly one root, which will be denoted by 3. We have

two possible situations. Either ¢ has order three or it has order one. In the first case,
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the evolution equation for y(t¢) is given by

. N3
Y= —m(BQ +Cl) (?J(t) —y) .

In the second case, the evolution equation for y(t) becomes

Y= —W(BQ + Cl) (y(t) - g)P(y(t)),

where P(y(t)) is a polynomial of degree two in y(¢) which is strictly positive for all ¢.
In both cases, if y(0) < g, y(t) will be increasing in ¢, while, if y(0) > g, y(t) will be
decreasing in t. Note that because of the uniqueness of the solution to the HRF, these

initial conditions are preserved. Then, the analysis of the ODE system ([2.30)-(2.31)) leads

to the following theorem.

Theorem 2.8.22. There exists T < oo such that there exists a unique solution to the
HRF on G/ K which is defined on the mazimal time interval [0,T). T is a type singularity
and, ast — T, G/K shrinks to a point and y(t) — y. In particular, there are no ancient

solutions.

2.9 A more general case

In this section, we are going to generalise theorem[2.8:4]to a more general class of compact
homogeneous spaces. We will also analyse the Ricci soliton that we obtain by blowing
up the solution to the HRF near the singularity and, to conclude, we will give a few
examples of homogeneous spaces to which the theorem can be applied. In particular,
some of these are also examples of compact homogeneous spaces which do not carry

invariant Einstein metrics and can be found in [§].
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2.9.1 Singular behaviours

Let G/K be a compact and connected homogeneous space and such that G acts effec-
tively on G/ K. Suppose that there exists an intermediate Lie group H, with K < H < G,
such that H/K is isotropy irreducible. Let h and ¢ be the Lie algebras of H and K, re-
spectively. Suppose that b is Ad|, -invariant. Note that this is automatically true if both
G and H are connected. Let p be the isotropy representation of K. We assume that p

decomposes into pairwise inequivalent irreducible Ad,, -invariant summands:

pP=p1D--Dpr

Suppose, without loss of generality, that h = € @ p;. We will also assume that p; is an
H-module, for all ¢ = 2,...,l. Hence, every G-invariant Riemannian metric is given by

a submersion metric

H/K - G/K — G/H. (2.33)

We will first of all derive the system of nonlinear ODEs which is equivalent to the
Ricci flow in this case. Choose a background metric @) such that, when restricted to each
of the p;’s, it is a negative multiple of the Killing form B. Then, the following structure

constants on G/K vanish:

[11i] =0, 2 <i <,
(2.34)

[1ij] =0, 2<i<j<L
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By ([2.34)), the Ricci endomorphism on p; is given by

l l
B bl 1 . Tl 1 . Tl .
Tl = ( 2 Z [1]/{:]9511:] + 1, ;1 [1jk]$k$j> idy,

l ..
b1 1] 1 s[yy] 1 [ 1 ).
B R R ST ) a

l l
b1 1 N1 1 Y
(2B ST = ST ) e

l l
b; 1 .. Tk 1 .. Zq .
Tlp, :< S 9. (k] -t Z [ijK] xk%‘) 1d|Pi
j’k_

rix;  4d; =

_<21‘i 2d,; Z [Z]k] l‘iIL‘j 2di Z I, 2d Z ”k z

" kLY gk ké{ }
1 [id1] 1 [7i7] zzk‘ 1 [ueg] [éd]
i " k¢{2 " g}
1 $ .
+ 4d; Z 4 (2 4d Z ijJ] 2) id,,
Jk¢{ L} i#k J#{1.i} T

(b fE] 1 o\ 11 Ty
" gL} " G kg{1,i}.5#k

1 .
i > 4d > | ”x. 2d > liik] Z>1dlw

"Gk {1}k J¢{L.i} J ke {i}

for all ¢ = 2,...,1. We use the convention that the sum over an empty set of indices is

zero. Then,

g(t) =21 ()Q),, ®--- B z()Q),

is a solution to the Ricci flow equation on G/ K if and only if z1(t),...,z;(t) satisfy the
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following system of nonlinear ODEs:

l ! 21(1)2
(1) = - <b1 S [1jj]> - g S (2:35)
1 13 155 Zj
[idd] 1 1 ()2
xz(t):_<bi__ > [m])— [ij]=
2d1 i L} 7 j¢{Li} €j (t)2

1 o x(t)? 1 Ca(t
S D DN U7 1 ey Or 1 > ikl ’f() (2.36)
2d; -« x d
JkgE{1,3},57#k
1 Jij(t
J¢{i}

~—

for all i = 2,...,1, together with the condition that x1(t),...,x;(t) > 0.

Definition 2.9.1. Let J C {1,...,l} be the set of indices such that, if i € J, then

[ii7] = 0 and [ijk] = 0, for all j, k # i, with j # k.

Remark 2.9.2. More precisely, i € J means that £ @ p; is an intermediate Lie algebra
such that p;, with j # 7, is an H;-module, where H; is the intermediate Lie group with
Lie algebra €®p;. Hence, the only structure constants involving ¢ which could be nonzero

are given by [i¢] and [ijj], with j ¢ J. In particular, we have that

E@@Pi

ieJ
is an intermediate Lie algebra. Note that J is nonempty, as 1 € J.

Moreover, observe that if J = {1...1}, then G/K is such that its universal cover is a
product of isotropy irreducible homogeneous spaces and the analysis reduces to the one
performed in section on each summand.

Finally, if i € J, equation simplifies and x;(t) is decreasing in t, because all

positive terms have vanishing coefficients. In particular, there are no terms which contain

_1
$Z(t) :
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Now, let

D ={(z1,...,2) € RYz; #0, foralli e {1,...,1}\J}.

Suppose that the initial time is given by tg = 0. We can then apply a standard theorem
of ODEs, see for example |11, Theorem 1.1], which says that, given any initial condition
((z1)o,---,(x1)0) € D, there exists a unique solution (z1(t),...,z;(t)) to the above

system such that

(21(0),...,21(0)) = ((z1)0, - - -, (x1)0)

and which depends continuously on ¢ and the initial data. Moreover, the solution (z;(¢),
..., x(t)) exists on any interval I containing 0 and such that (x1(¢),...,z;(t)) € D, for
every t € I.

We observe that some of the coefficients of the system may vanish, depending on

which intermediate invariant Lie algebras there are between g and €. In particular, using

(2.3), we have that

l
1] 1 N [111]
Ay i=by — - [1jj] =2 =0
[igd] 1 .
Az —0; — -
b od, 4 Z [i7]]
J¢{1,i}
Sl g G
=2¢; + 2 — + >0,
C+A.di+2di+. -« d; =0
J¢{i} Jkg{1,i},57#k

for every i = 2,...,l. More precisely, 4; = 0, with ¢ € {1,...,1}, if and only if p; is a
trivial summand.

From equation (2.35), we see that 1 (t) is decreasing in t. So, x1(¢) always approaches
a finite limit, as t — T, where T' < 400 is the maximal existence time. We would also

like to show that the functions zo(t),...,z;(t) all have a limit, as ¢t — T.
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Conjecture 2.9.3. The functions xa(t),...,x;(t) approach limits, which could be +oo,

ast—T.

Note that this conjecture is true when [ = 2 and, as we will see in section [2.9.2] it is
also true when [ = 3.

We will now assume for the rest of this section that this conjecture is true.

We will also assume that the isotropy representation p does not contain any trivial

summand. In particular, this implies that A; > 0. Then,

integrating the above expression, we obtain

l
1
xl(t)§—<b1 2d1 d—z 1jj>t+a:1 (0) := —Ct + 21(0).
=2

( )

Hence, there exists T' < % < o0 such that the unique solution to the Ricci flow will

be defined on the maximal time interval [0,7"), otherwise x;(t) becomes negative. We

will now identify a class of singular behaviours to the HRF on G/K.

Remark 2.9.4. As z;(t), with i € J, is decreasing in ¢, it is also bounded from above for

any t such that a solution exists.

We then have the following proposition, which shows that all the functions are

bounded, as t — T
Proposition 2.9.5. The functions x;(t), with i ¢ J, remain bounded, ast — T.

Proof. We first of all note that, if as ¢ — T', x;(t), with ¢ ¢ J, all go to infinity at the

same rate, then the derivatives @;(t), with i ¢ J, have to remain bounded. In fact, we
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have the following derivative estimate:

. 1 oap(t) 1 L axi(t)
B (t) ) dfl j,k:§§JUZ{i}J75k [Z]k] i (t> ’ dj j%} [ZZ]] xz (t)

for i ¢ J. Hence, if Z’:L(%), zz g; and iﬂg; are bounded for all m € J, ¢ ¢ J and j,k ¢
J U {i}, we obtain that

T; (t) < Cl',

where C; is a positive constant, for all ¢ ¢ J. Integrating this inequality leads to
.%'z(t) < tC; + .%'1(0)

As the Ricci flow has to stop before the finite time 7', this would imply that z;(¢) has
to remain bounded for all ¢ ¢ J, which is a contradiction.

We will now prove in general that the derivatives of x;(t), with i = 2,...,[, are all
bounded, as t — T, which will give a contradiction as above. Suppose that there exists

I C {2,...,1} such that z;(t) blows up to +oo, as t — T, if and only if i € I. Define

I' C I as the set of indices ¢ € I such that il((g either blows up to 400 or remains
J

bounded and strictly positive, as ¢ — T, for all j € I\{i}. In particular, if i,j € I,

then both 28 and i: ((3 either blow up to +o0o or remain bounded. However, if one of

these ratios blows up to +o00, then its inverse would become zero, which is not possible,
so both ratios have to remain bounded. This means that z;(¢), with i € I’, all tend to
+oo at the same rate. Suppose that ¢ € I’. From , we then have that #;(¢) would
diverge to —oo, which is a contradiction, unless [ijj] = 0 and [ijk] = 0 for all j,k € I
such that

i (t) x;(t)

I _ I
Sz T B

= 400, (2.37)

or there exists h ¢ I such that x,(t) tends to zero and in such a way that there exists
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((tt)) blows up to +oo faster than the terms

m € {1,...,1}, with [ihm] # 0, such that =

Th
which tend to —oo in the expression of #;(t). If such a h exists, then looking at the

i(t)

expression for & (t), as [ihm] # 0, we would have that 0 diverges to +o00 and the

x
Tm

first derivative of x(t) would as well blow up to 400, which is a contradiction. So we

can conclude that such a h cannot exist. So the above statement about [ijj] and [ijk]

vanishing is true. Moreover, fj 8 either approaches a positive finite limit, as ¢ — T, or

it tends to zero. By repeating this argument on the other functions which blow up, we

have that #;(t) is bounded, as t — T, for every i = 2,...,[, as required. O

We then have that, if conjecture [2.9.3] is assumed to be true, the singular time T’
is characterised by the fact that at least one between x1(t),...,z;(t) becomes zero, as
t — T. The following proposition explains what happens if the metric collapses in one

direction.

Proposition 2.9.6. If z;(t) tends to zero, ast — T, then there exists an intermediate

Lie group H with Lie algebra given by

h;=to P (2.38)
jeJ
for some J C {1,...,1}, and such that p; is a H-module, for every i ¢ J. Moreover,

ieJ and xj(t) tends to zero, ast — T, for every j € J.

Proof. Suppose that x;(t) tends to zero, as ¢ — T'. Then, let J be the set of indices j
such that the corresponding function z;(¢) tends to zero. Now, looking at the expression
for @;(t), we also need that x;(t) — 0, for all j such that [iij] # 0, and, for every such j,
also 1 (t) — 0, for all k such that [ijk] # 0, with k, j ¢ {i} and j # k, and in such a way
that the ratios between these functions are bounded. Otherwise, &;(t) would blow up to

+00, as t — T'. By the mean value theorem, this cannot happen, because z;(t) — 0, with

x;(0) > 0. Also note that there cannot exist k such that [ijk] # 0, for some j, and Z((?)
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tends to +o0o in such a way that the derivative of z;(t) tends to —oo. In fact, if such a k
exists, we can look at the evolution equation for zj(t) and find that its first derivative
tends to a positive value, which is impossible. Hence, there has to exists J - J such
that, if i € .J, also j, k € J, for every j, k such that [ijj] # 0 and [ijk] # 0. The functions
xj(t), with j € J, are those which necessarily have to tend to zero if z;(t) becomes zero.
Moreover, by the calculation done in case i) below we have that the functions which

tend to zero all tend to zero at the same rate. O

We can then conclude that, as t — T, the following singular behaviours can occur in

the Ricci flow:

i) There exists an intermediate Lie group H with Lie algebra h7 =t ® @ie hiCyg
such that every G-invariant Riemannian metric on G/K is given by a Riemannian

submersion

H/K — G/K — G/H. (2.39)

Then, z;(t) — 0, for all i € J. Moreover, the other components of the metric

remain bounded and positive.

ii) zj(t) =0, foralli=1,...,1

We will now analyse these singular behaviours separately.

Case i)

The singular time 7 is characterised by the fact that the fibre in (2.33)) shrinks to a point.
As the derivatives of x;(t), with ¢ € J are all bounded, there exist positive integers n;

and real numbers k; > 0 such that

2i(t) = k(T — t)™ + o((T — t)™), for all i € J. (2.40)
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By substituting (2.40) into the system (2.35)-(2.36)), we get that n; = 1, for all i € J,
which means that z;(t), with ¢ € J, tends to zero linearly in ¢, as ¢ — T. We also have

that k;, with ¢ € j, have to satisfy the system

1 [i4d] 1 . ki 1 kj
L= <b7, o4 2 [JJ]) tog 2o iz > [”]]EQ
JeI\{i} JeI\{i} / JeI\{i}
1 ki1 k;
Jmed,j#Em jmed,j#m

for all i € J. This means that k;, with 7 € J , defines a homogeneous Einstein metric
on H /K. Hence, a necessary condition for this singular behaviour to happen is that the
fibre in the Riemannian submersion carries a homogeneous Einstein metric. The
fact that, as t — T, x;(t) — 0 linearly in ¢, for all 7 € j, implies that T is a type I
singularity for the Ricci flow. In fact, on p;, with ¢ € J. , g(t) is asymptotically given by

a rescaling of the initial metric by a constant times (7" — t). We, then, observe that

l

1 2

because the squared norm of the curvature tensor respects the splitting of the metric in
this case. Hence, as t — T', | Rm(g(t))|y(1) behaves like (I'—¢)~*, which implies that the
singularity is of type I. Finally, by proposition [2.5.1] as ¢ — T', the total space in the
Riemannian submersion converges in the Hausdorff-Gromov topology to the base

space.

Case ii)

This time, the singular behaviour is characterised by the shrinking of G/K to a point,

as t — T. In fact, x;(t) tends to zero, as t — T, for all i = 1,...,l. Let

wi(t) = ki(T — )" + o((T — )™), i=1,...,1, (2.41)
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where nq,...,n; are positive integers and k1, ..., k; are positive coefficients. By substi-

tuting (2.41) into (2.35))-(2.36), we obtain that n; = 1, for all ¢ = 1,...,[, and that

ki,...,k; have to satisfy the following system:

= j:2
1 [iid] 1 1 ok
1 % (bz od. d, 2~ [Z]J]> + 2, 2~ [Z]ﬂﬁ
JE{1,i} JE{1,i} J
1 .. k; 1 1k
Jmg{l,i},j#m Jmg{Ll,i},j#m
1 oakj
- Y Gl
" je{i} '

for all i = 2,...,1. The above system has a solution if and only if (ki,...,k;) define a
G-invariant Einstein metric on G/K. This tells us that a necessary condition for case
ii) to happen is that G/K carries G-invariant Einstein metrics. As z;(t) — 0 linearly in
t,ast — T, |[Rm(g(t))|y) is asymptotically given by a rescaling of | Rm(g(0))[4(0) by
(T —t)~! times a positive constant. This implies that T is a type I singularity.

We have then proved the following theorem.

Theorem 2.9.7. Let G/K be as above. Suppose that p does not contain any trivial
summand. If conjecture [2.9.3] is assumed to be true, there exists T < oo such that there
exists a unique solution to the HRF on G /K which defined on the mazimal time interval

[0,T). T is a type I singularity and, ast — T, one of the following situations can occur:

i) There exists an intermediate Lie group ITI, with G > H > K, such that every

G-invariant Riemannian metric on G/K is a submersion metric
H/K - G/K — G/H,

the fibre fI/K shrinks to a point and the total space G/K collapses down to the
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base space G/ﬁ in the Hausdorff-Gromov sense.
ii) G/K shrinks to a point.

Moreover, a necessary condition for i) to happen is that ﬁ/K carries homogeneous
FEinstein metrics and a necessary condition for i) to occur is that the whole space G /K

admits G-invariant Einstein metrics.

2.9.2 The case 1=3

In this section, we are going to analyse in detail the case of three inequivalent, invariant
irreducible summands. The main goal is to prove that conjecture 2.9.3]is true in this
case. Furthermore, we will also consider the case in which the isotropy representation
contains a trivial summand.

When, [ = 3, the system of nonlinear ODEs that we have to study is given as follows.

The G-invariant metric

g(t) = 21(t)Qpp, ® 22(1)Qp, S 23(1) Qs

is a solution to the HRF if and only if x1(¢),...,x3(t) satisfy the following system of

nonlinear ODEs:

i1(t) = —A; — lelggz - Cl$1522, (2.42)
T T3

) zo(t)? x1(t) x3(t)

io(t) :—,42—182332 gt Gt Dyt (2.43)

t3(t) = —As — Bs xg(t)2 + Cs 25(0) + D3 3(0) , (2.44)

together with the condition that x1(¢) > 0, z2(t) > 0 and z3(¢) > 0. The coefficients in
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the above system are given by

A= by — [;z] ;1([122] +[133),

A = by — [;Z] [2;23]7

Az =bz — [222’] [3(1232],

ot o

By — [2252’)]7 Cy — [1;22]’ Dy — [2523]’
P

We observe that the above quantities are all non negative. A general consideration about
the system (12.42)-(2.44) is as follows. We have that the functions defined by the RHSs
of the above system and their derivatives with respect to x1, x2 and x3 are continuous

if and only if (x1, z2, z3) belongs to
D = {(x1, 29, 23) € R3|2; #0,Vi ¢ J},

where J is defined as the set of indices ¢ such that [iij] = 0 and [ijk] = 0, for every
J,k ¢ {i} and such that j # k. In particular, 1 € J. Then, by a standard theorem of

ODEs, we have existence and uniqueness of solutions on D.

Remark 2.9.8. We observe that if put y = £ and z = i—g, then from the system (2.42))-

2

(2.44) we derive a vector field in the plane (y, z) which is given by

0 0
P(y7 Z)67y + Q(y7 Z)&a
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where

2
P(y,z) = —A; — (By + Co)y* — Ol% + Aoy + Bz% — Dayz,

1
Q(y,2z) = —A3 — (B3 + D2)2* + 03% + (D3 + 32); + Aoz — Coyz

are rational functions of y and z. Then, an integral curve of this vector field expresses a
relation between y and z, so this is another approach which could be used to treat the

flow equations.

In order to study the behaviour of the solution to (2.42])-(2.44)), we need to distinguish

several different cases, which depend on the intermediate Lie algebras. Let
Y = {(1‘1,.%’2,.%’3) S R3\x1 > 0,29 > 0,23 > 0}

be the space in which the solution (x1(t), z2(t),z3(t)) to the above system lives. We will
now completely study the case in which the only intermediate Lie algebra is given by
£ @ p1. The other cases can then be treated with similar techniques and we will omit
them.

So, suppose that all the coefficients in the system of ODEs are positive, apart from
Aj, which is non negative. Note that A; = 0 if and only if p; is a trivial summand. We
define the following two hypersurfaces in X'

3 1 x3
Ly = (‘7:1’332)333)€E|_A2—B2—2—|—027+D27:O ,
x3 Z2 x2

and

x5 z1 T2
Ly =< (x1,72,73) € &| = A3 — B33 + Cs— + Dg—= =0 1.
Ty 3 x3

We can rewrite these two hypersurfaces in the following way. Lo is given by (21, x2, z3) €
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2} such that

A2 BQ .Z'% D2

X1 = —=To+ =5 — = T3 =: x9,23),
=5 Co 22 o, fa(w2, x3)

and L3 is given by (x1,x2,x3) € X such that

As Bsay D3
o o T A X2 = 3(x2;$3)>

Tr1 — —I3
03 03 x% C'3

So Ly and L3 are two connected hypersurfaces in 3 and each of them separates X' into
two connected regions. More precisely, Lo and L3 respectively separate the regions in

which z2(t) and x3(t) are monotonic increasing or decreasing in ¢. In particular,
o if x1(t) > fa(wa(t), z3(t)), then x2(t) will be monotonically increasing in ¢ and
o if x1(t) < fa(wa(t), z3(t)), then x2(t) will be monotonically decreasing in ¢.
Analogously,
o if 21(t) > f3(wa(t),x3(t)), then x3(t) will be monotonically increasing in ¢ and
o if x1(t) < f3(xa(t), z3(t)), then x3(¢) will be monotonically decreasing in ¢.

We note that

s 2 =z 0
8$2 CQ 02 xg =%
afg BQ .’IJ2 D2
= = )
a{lfg 02 ﬂl‘g C’2 =

Similarly,
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We now want to understand how these two hypersurfaces intersect. We have that

fo(w2,x3) = f3(x2,23)
B (B () () ()8
B (52 () (B )
Let y = % Then, the last equation above becomes

BQ 5 A2 D3 3 D2 A3 2 Bg
D)3 (P2 43 23 2.4
Y +<02+C3)y oo )V T (2.45)

We will now show that there is only one positive solution to the above equation. First

of all we note that we can rewrite equation (2.45)) as

B A D D As\1 B3 1
Do, (2+3> _ (2+3>+33_
Cy Cy Cs Cy Cs )y Csy
This shows that there are no negative roots. Then we observe that the derivative of
(2.45)) vanishes exactly when y = 0, with negative second derivative, or when y satisfies
By 4 Ay D3 Dy Az
—= 3|l=—4+—=—)y—2(—=—+—=—) =0. 2.46
02y+ <C2+03 Y C'2+C3 (2.46)
We can easily see that equation ([2.46)) has at least one positive root. Moreover, the first
derivative of (2.46]) is positive, so this positive root is the only root of (2.46). Now, if
(2.45) had two positive roots, then its first derivative would necessarily have to vanish
twice for y > 0. As this does not happen, we conclude that there is only one positive root.
Let y = C be the only root to (2.45)). Note that y = C defines a line through the origin in
R3. Hence, we have that the intersection LoN L3 in X is given by a line, which we will call

L. We now want to understand how these two hypersurfaces intersect the plane {x; = 0}

in ¥ U {x; = 0}. We have that Ly N {z; = 0} is given by (z1,x2,23) € X' U {z; = 0}
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such that

Dividing the above equation by x3, we obtain

=0.

Ayzs By (1\° Dy
Cy

CQ I3 CQ I3

Now let y = % We have that there exists a unique solution to the equation

Moreover, this solution is positive. Hence, Ls intersects {x; = 0} in a line. Similarly, we
have that Ls intersects {x; = 0} in a line.

We then have that the phase space is divided into four regions:

o Vi—={(x1,m2,x3) € X|x1 > folx2,23),21 > f3(x2,23)}, where xo(t) and z3(t) are

increasing in ¢;

o Uo={(x1,m2,23) € X|x1 > folza,23),21 < f3(x2,x3)}, where z2(t) is increasing

in ¢t and x3(t) is decreasing in t;

o Ys={(z1,22,23) € Y|x1 < fa(xe,23), 21 > f3(xe,x3)}, where xo(t) is decreasing

in ¢t and x3(t) is increasing in t;

o Yi—{(x1,m2,23) € X|x1 < fa(w2,x3), 1 < f3(x2,x3)}, where xa(t) and z3(t) are

decreasing in ¢.
We will consider firstly the case in which A7 > 0. We have the following lemma.

Lemma 2.9.9. X is invariant under the system (2.42))-(2.44]).

Proof of the lemma. The boundary of Xy is given by (z1, x2, x3) € X such that one of the

following holds: x1 = fa(ze,x3) and z1 < f3(x9,x3), x1 = f3(x2,x3) and z1 < fa(xa,x3)
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or 1 = fo(xe,x3) = f3(xa,x3). If we compute the vector field (&1(t), 2(t),23(t)) on
0Xy, we have that it always points towards the interior Y. In fact, 41 (¢) is always
negative, while for the other components we need to distinguish three different possible
situations. If x; = fa(we,x3) and x1 < f3(x9,x3), then &o(t) vanishes, while Z3(t) is

negative. This then implies that

d 0fa

3 @1(0) = Folw2(t), 2(1)) = #1(t) = Z7723(8) < 0.

Similarly, if 1 = f3(xg,23) and 1 < fa(xa,x3), then @3(t) is zero, while Zo(t) is

negative, which implies that

Sa(0) = (), as(0)) = (1) — a0 <.
Finally, if 1 = fo(x2,23) = f3(x2,x3), then both #o(t) and 23(t) are zero. O

We also observe that, if A; # 0, then the solution has to stop in finite time. In fact,
we have that

i’l(t) < —Al,

which integrated gives

z1(t) < —Ait +21(0).
Hence, the solution has to stop in finite time before x;(t) becomes zero. We have then
proved the following lemma.

Lemma 2.9.10. The solution to the system (2.42))-(2.44)) has to stop in finite time.

We now have to distinguish several possible initial conditions. For what concerns the

behaviour of the flow in X, we have the following lemma.

Lemma 2.9.11. If (21(0),22(0),23(0)) € Xy, then there exists T < oo such that there
exists a unique solution to (2.42))-(2.44) defined on the maximal time interval [0,T). As
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t — T, either all the functions become zero or x1(t) becomes zero and the other two

functions approach a positive limit.

Proof of the lemma. If (21(0),22(0),23(0)) € Xj, then due to the invariance of this
region we will remain in Xy for all ¢ such that a solution to the HRF exists. Recall that
in Y all the functions are decreasing in ¢. So they approach a non negative limit and, by
lemma [2.9.10] there exists T' < oo such that there exists a unique solution to the HRF
which is defined on the maximal time interval [0,7") and T is characterised by the fact
that some of the functions which define the metric become zero. Note that we cannot
have x5(t) or z3(t) becoming zero, without the trajectory going to the origin. In fact,
from the evolution equation of xa(t), we can see that if x2(¢) becomes zero, then also
x3(t) and x1(t) have to become zero, otherwise its first derivative would diverge to +oo,
but this is not possible because of the mean value theorem. We have a similar result for
x3(t). Hence, x2(t) or x3(t) can become zero, only if the trajectory goes to the origin.
This implies that 7" is either characterised by all the functions becoming zero or by x1(t)
becoming zero and x5(t) and x3(t) approaching a positive limit, which is finite as the

functions are decreasing in t. O

If (21(0),z2(0),23(0)) € 0%y, then the solution to the HRF will immediately enter
the region Yy, and one of the two singular behaviours described above will occur.

If (21(0),22(0),23(0)) € X\{Xy UdX,}, we need to distinguish three possible initial
conditions, namely (z1(0),22(0),23(0)) in X1, Yo or X3. We will begin by considering
(21(0),22(0),23(0)) € Xy and we will show that the solution has to exit this region in
finite time. The region X is characterised by the fact that both zo(t) and x3(t) are

increasing in t. We have the following lemma.

Lemma 2.9.12. In Xy, it is not possible that xo(t) or x3(t) diverge to +o00, while x1(t)

approaches a non negative limit.

Proof of the lemma. Suppose that za(t) tends to +00, as ¢t approaches the final time.
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Then from the evolution equation of xy(t), we see that also z3(¢) has to tend to +oo,
otherwise the derivative of xo(t) will become negative, which is impossible because of

the mean value theorem. The same is true for z3(t). So, the only possibility is that both

(1) g 2200

® 214 2,0

x2(t) and x3(t) tend to 400 in such a way that the ratios ;i remain bounded.

Hence, there exists constants C' and C’ such that

z2(t)
T3 (t)

C < <,

for all ¢ such that a solution exists. Hence,

:L‘Z(t) < Cv

To (t) < 6,

where C and C are two positive constants. By lemma|2.9.10} we know that the existence
time is finite. Integrating the above inequalities between 0 and T° we have that both

x2(t) and z3(t) are bounded from above by a positive constant. O

Note that this lemma shows in particular that the functions z2(¢) and x3(t) are both

bounded in Y.

Proposition 2.9.13. If (1(0), z2(0),23(0)) € Xy, then the solution (z1(t),x2(t), x3(t))

has to leave the region 3y in finite time.

Proof of the proposition. Suppose that there exists ¢ such that (z1(t), z2(t), z3(t)) is in
Xy for allt € (¢,T), where T is the maximal time of existence. In X the trajectory has a
limit, because the functions are all monotonic. Hence, because of the above lemma, the
only way in which the solution can stop is because one of the functions becomes zero at
the final time. As x2(t) and z3(t) are both increasing in ¢, the only possibility is that

x1(t) becomes zero.
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However, {z1 = 0} cannot be contained in the interior of X;. We will prove this by
showing that fo(xo,23) and f3(x2,x3) cannot be both negative. In fact, fo(xg,23) =0
if and only if 29 and x3 are such that

2
x
—Ay — By—3 + D2 =0,
1’3 X9
which corresponds to a line xo = 7ox3, where go is a positive constant, in the plane

{z1 = 0}. Similarly, f3(x2,z3) = 0 if and only if z9 and x3 are such that

2
Xz xr
—A3 — Bgfg =+ D3—2 =0
332 I3

is given by a line xo = ysx3 in {1 = 0}, where g3 is a positive constant. We can
show that g2 < y3. Now, fa(xe,x3) is negative if x9 < goxs. However, this implies that
x9 < ysxs, which means that f3(ze,x3) is positive.

Hence, the solution has to leave X before the final time. O

We then have that, if (21(0),22(0),23(0)) € X1, the solution will enter one between
X, X3 and Yy in finite time. We already know what happens, if the trajectory enters the
region Y. So, we need to consider the other two possible initial conditions. Suppose that
(21(0),22(0),23(0)) € Xs. In this region, z2(t) is increasing in ¢, while x3(t) is decreasing
in ¢, while z1 () is always decreasing in ¢. In X the trajectory has a limit, because all the
functions are monotonic. From the evolution equation of z2(t), we have that z2(t) cannot
blow up to +00, because the first derivative of x3(t) would become negative. Moreover,
x3(t) cannot become zero in Yy, because from its evolution equation we would have that
23(t) would diverge to +00. So, either the solution stops in finite time because it reaches
the plane {z; = 0}, or it reaches one of the hypersurfaces Lo and Ls, in finite time. If it
reaches L3, then we are on the boundary of X and we will enter the region Yy, where we

know what the behaviour of the solution is. If (z1(t), z2(t), z3(t)) hits the hypersurface
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Lo, then we will either enter the region X, in the case where z5(¢) has a minimum, or,
if also Z2(t) vanishes, the solution will move along the tangent plane to the surface Lo
at that point.

We now have the following lemma.

Lemma 2.9.14. There cannot be a sequence of times such that zo(t) or x3(t) diverge

to +00 along this sequence.

Proof of the lemma. Suppose first that there exists a sequence of times {t,}, such that

xa(ty) diverges to +o00, as n — 400, while z3(t,) remains bounded. Then,

fa(xa(tn), x3(tn)) — +oo and f3(xa(ty), x3(tn)) — —00,

as n — 4o00. This implies that there exists N > 0 such that (x1(t,), x2(tn), x3(t,)) lies
in X3, for every n > N. However, in X3, x5(t) is monotonic decreasing in ¢, so we get a
contradiction. Similarly, if z2(¢,,) is bounded and z3(t,) diverges to +oo, as n — +o00,
then there exists N > 0 such that (x1(t,), x2(tn), x3(t,)) lies in Xy, for every n > N.
As x3(t) is monotonic decreasing in Yy, we derive a contradiction. So such a sequence
of times cannot exist.

Suppose now that there exists a sequence of times {t, }, such that zs(t,) and z3(t,)

)

both diverge to +o0, as n — 4o00. We already proved that the ratios iig:) and Z3(tn)

X2 (tn)

remain bounded. Moreover, we can assume that z1(¢,) # 0, for every n. In fact, if there
exists n > 0 such that z;(t,) = 0, then the solution has to stop at T' = ¢,, and we know
that z2(t) and z3(t) cannot both be increasing when we are on {z; = 0}. We will now
show that both fo(za(tn), z3(tn)) and f3(xa(ty), x3(ty)) diverge to +00, as n — +o0.

We observe that we can write

fo(@2(t), 3(1)) = 22(t)g2(22(t), 23(2)),
f3(@a(t), 23(t)) = x3(t)gs(w2(t), x3(t)),
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where

X 2 X

a0, 25(0) = 2 f;ng; - gszg; (2.47)
X 2 X

gn(aalt) 25(0) = 2 iixiii; - Z;T’xiﬁii (2.48)

We have that both go(z2(ty), 23(ty)) and gs(xza(ty), x3(t,)) are bounded, as n — +oo.
Moreover, if there exists n > 0 such that go(xa(tn), z3(tn)) = 0 or g3(za(tn), x3(tn)) =
0, then one between fa(z2(ty), x3(ts)) and f3(x2(t,), z3(tn)) has to vanish. However,
this would imply that z1(¢,) = 0, which is not possible. So, g2((t,), z3(t,)) > 0 and
g3(xa(tn), z3(tn)) > 0, for every n. We then have that fo(xa(tn), z3(tn)) and f3(z2(tn),
x3(ty)) diverge to +00, as n — 4o00. This then implies that there exists N > 0 such that
(21(tn), z2(tn), x3(ty)) lies in Xy, where both z5(t) and x3(t) are decreasing in t. We

then get a contradiction and conclude that such a sequence of times cannot exist. [

We have then proved that z;(¢), with ¢ = 1,2, 3, are all bounded as we approach
the final time. This means that the solution stops because some of the functions vanish.
Hence, by proposition there has to exist ¢ > 0 such that the solution does not
reenter Y, after ¢ > ¢. By the previous results, we then have that the solution either
hits the hypersurface {x; = 0} or it enters the invariant region Xj. The case in which
(21(0),z2(0),23(0)) € X3 is analogous. We can then conclude that there exists 7' < oo
such that there exists a unique solution to the HRF on G/K which is defined on the
maximal time interval [0,7") and, as t — T, the solution stops because either z(t)
becomes zero or the solution tends to the origin.

Using these results, we have the following theorem.

Theorem 2.9.15. Suppose that € @ p1 is the only intermediate Lie algebra and that p
does not contain any trivial summand. Then, there exists T > 0 and finite such that there

exists a unique solution to (2.42))-(2.44)), which is defined on the mazimal time interval
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[0,T). Moreover, ast — T, one of the following singular behaviours can occur:

o All the functions become zero;

e x1(t) tends to zero and x5(t) and x3(t) approach a positive limit.

Remark 2.9.16. We note that the above theorem is true in general for p which does not
contain any trivial summand. The other cases, which correspond to more intermediate
Lie algebras, can be treated in a similar way. In particular, as ¢ tends to the final time,
the singular behaviours are characterised as follows. There exists JC {1, 2,3} such that

x;(t) becomes zero, for every i € J. Moreover, J defines the intermediate Lie algebra
=t
ie]

with £ C h C g.

We will now consider the case in which A; = 0. In this case, the main difference is
that we do not know whether the existence time of the solution is finite or not.

We will first of all show that the system does not have critical points. In the case
where A; > 0, this is immediate, as & () is never zero. If A; = 0, we have that &;(¢) =0

if and only if 28 =0 and 28 = 0. By the computation we did before, we know that

%9(t) and &3(t) vanish if and only if (x1(t), z2(t), x3(t)) belong to the hypersurfaces Lo
and Lj, respectively. We also showed that these two hypersurfaces intersect the plane
{z1 = 0} in two different lines through the origin. These lines are respectively given by
x9 = Yoy and w9 = ysx3, where g < y3. We then have that, if x1(t) = 0, 22(t) = 0 is

zero if and only if iigg = yo. Similarly, if z1(t) = 0, #3(¢t) = 0 if and only if 228 = 7s.

As g2 # y3, we have that @9(t) and #3(t) can never be zero at the same time, when
x1(t) = 0. Hence, the system does not have critical points.

We will prove that theorem [2.9.15| holds also in this special case. In order to do this,

we need to show that the results proved so far for the case Ay > 0 are true also when
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A; = 0. We begin by noticing that lemma is still true when A; = 0 and with the

same proof. We then have the following lemma.

Lemma 2.9.17. If (21(0),22(0),z3(0)) € Xy, then there exists T < oo such that there
exists a unique solution to (2.42))-(2.44) defined on the maximal time interval [0,T). As

t — T, all the functions become zero.

Proof of the lemma. The only differences with lemma [2.9.11] are that we do not have
lemma and we have to exclude the case in which x(t) becomes zero and the other
functions approach a positive limit, as ¢ approaches the finite time. Apart from that the
proof of this lemma is exactly the same as the proof of lemma [2.9.11]

We will begin by showing that x;(¢) can become zero if and only if the trajectory
goes to the origin. From the evolution equation for x;(t), we can easily see that, if the
initial condition is given by x1(0) = 0 and x2(0),z3(0) > 0, then the solution to the
ODE will be characterised by z1(t) = 0 and x2(t), z3(t) > 0, for every ¢ such that a
solution exists. This means that {z; = 0} is invariant. We will now prove that z(t)
cannot become zero unless some of the other functions become zero as well. Suppose
for a contradiction that we have a solution (x(t),x2(t),z3(t)) defined on [0,7"), with
T < 400, and such that x1(¢) tends to zero, as t — T and z2(t) and z3(t) approach
a positive limit. Let ap and ag denote the limits of xo(t) and x3(t), as t tends to T'. If
T < o0, consider another solution to the ODE with initial condition given by (0, a, a3).
We will then have that this solution is characterised by z1(t) = 0 both forward and
backwards in time. We then derive a contradiction, because the solution is unique. The
case T' = oo can be excluded, because there are no critical points and x2(t) and z3(t)
are bounded both from above and away from zero. We can then conclude that x;(t) can
become zero if and only if the trajectory reaches the origin.

We will now show that the existence time of the solution has to be finite. Suppose
for a contradiction that the solution existed for every ¢ > 0. As we are in Yy, where all

the functions are decreasing in ¢, we have that z;(¢), with ¢ = 1,2,3, approach a non
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negative limit, as t — 400. We will now show that the limit of the trajectory has to
be the origin. We proved that x;(¢) can become zero if and only if the trajectory goes
to the origin, for every i = 1,2,3. So, the only other possibility is that the functions
all approach a positive limit, as ¢t — +o00. However, this limit must be a critical point
and we derive a contradiction. We can then conclude that the limit of the trajectory, as
t — —+00, has to correspond to the origin.

8 and 2;8 tends to a positive limit, as t — +oo,

We also note that if at least one of z;

then we can show that x1(¢) has to vanish in finite time. In fact, this would imply that

#1(t) is bounded from above by a negative constant. So, suppose that the solution exists

for every ¢ > 0 and that both 21) and 20 tend to zero, as t — +oo. By the mean

:Cz(t) :Cg(t)
value theorem, x2(t) and x3(t) tend to zero in such a way that zigg is bounded both

from above and away from zero, for every ¢ > 0. Then, there exist constants C and C

such that

for every t > 0. Moreover, as Y is invariant, we can pick these two constants in such a
way that the derivatives of z5(t) and x3(t) remain negative in the limit. This means that
#2(t) and @3(t) are bounded from above by a negative constant, which implies that the
solution has to stop in finite time. So we derive a contradiction. We can then conclude

that the existence time of the solution has to be finite. O

We now have an analogue of lemma [2.9.12] but the proof is rather different, because

we do not have lemma [2.9.10

Proof of lemma [2.9.12] when A; = 0. We want to show that x9(¢) and z3(t) are bounded
in Y. We have already proved that z2(t) and z3(t) cannot diverge to 4+o0o unless they

both do and in such a way that their ratio is bounded from above and away from zero.
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Hence, there exists constants C' and C’ such that

za(t)

C< 2a(t)

<,
for all ¢ such that a solution exists. Moreover, z1(t) will approach a non negative limit

T1. We now observe that we can write

fo(2, 23) = x2g2(x2, 23),

f3(x2, x3) = x393(22, 23),

where go(x9, x3) and g3(z2, x3) are defined by —. As long as we are in X7, both
g2(xa(t), z3(t)) and g3(z2(t), z3(t)) are positive. This is due to the fact that f;(za(t), z3(t))
= 0 if and only if g;(x2(t), z3(t)) = 0, for every ¢ = 2, 3. Hence, if z2(t) and z3(¢) tend
to +o0, then also fo(zo(t),z3(t)) and f3(x2(t),z3(t)) diverge to +oo. As we are in X,

the following two inequalities have to be satisfied:

x1(t) > fa(wa(t),z3(t)) and  @i(t) > fa(x2(t), z3(t)).

We would then have that also x;(¢) has to diverge to +o0o, which is not possible as it is
strictly decreasing. Hence, we can exclude the fact that, in Xy, zo(¢) and x3(¢) tend to

+o0o, while x;(t) approaches a non negative limit. O

Proposition is still true and the proof is exactly the same, apart from the fact
that, as we do not have lemma [2.9.10 we need to exclude the case in which the solution
exists for all ¢ > 0 and x2(t) and x3(t) approach a positive limit, as t — +o00. We will
do this by showing that x;(t) always tends to zero. In fact, suppose for a contradiction

that this was not true. Then there exists positive constants C’ and C” such that

z1(?) > ' and z1(t)

22(2) R
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From the evolution equation of x(t) this would then imply that @;(¢) is less than a
constant which is strictly negative, which would then imply that x1(¢) would become
zero in finite time and we then get a contradiction. We also note that the case in which
the solution exists for every ¢ > 0 and, as t — 400, z1(t) tends to zero and z2(t) and
x3(t) approach a positive limit cannot occur in X;. In fact, we showed previously that
if z1(t) = 0, then x2(t) and z3(t) cannot both be increasing in ¢. Hence, x1(¢) cannot
tend to zero, as t — 400, without having left X} from a certain time onwards. Now the
rest of the proof is the same as in the case A; > 0 and lemma is still true with
the same proof.

To conclude, we also need to exclude the cases in which the solution exists for every
t > 0in Y5 or in Y3. We will show that there cannot be a solution which exists for
every t > 0 in Xs. The case of Y3 is similar. Suppose for a contradiction that there was
such a solution. Recall that in Xy, xo(t) is increasing and z3(t) is decreasing. So all the
functions approach a limit as t — +o00. Moreover, by the evolution equation of z3(t),
we know that x3(t) cannot become zero otherwise its first derivative would diverge to
+00. As the dynamical system does not have critical points, we can exclude the cases
in which z9(t) and x3(t) approach positive limits and x;(¢) approaches a non negative
limit, as ¢ — +00. So the existence time cannot be infinite. We can then conclude that

theorem [2.9.15] and remark [2.9.16] are still true when A; = 0.

2.9.3 Blowing up the solution near the singularity

We are now going to analyse the rescaled Ricci flow near the singularity 7', where the
singular behaviours are the one described in theorem [2.9.7} Let T be a type I singularity
for the HRF on G/K. Consider a sequence {(pj,t;)}32;, with p; € G/K and t; — T,

such that

|Rm |[(p;,t;) = sup  |Rm(g(t))lgqt)(p,t) = +o00.
peG/K, te(0,t;]
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Let
) t
x?@(t) = ‘Rm‘(pﬁtj)wk (tj + ]Rm](pj tj))’

forall k =1,...,l. Let g/(t) be the Riemannian metric defined by x{(t), e xg(t) Then,

(N, goo(t), poc) = lim (G/K, 9 (t), p;)

is an eternal Ricci flow. Note that the limit of the pointed convergence is not affected
by the location of the p;’s, because we are in the homogeneous case. By [27], we know
that (IV, goo(t)) is a nonflat gradient shrinking Ricci soliton.

In the case where the whole space shrinks to a point in finite time, it is easy to see
that goo(t) is given by a homogeneous Einstein metric (with positive scalar curvature)
on G/K.

Now, let us consider the other kind of singular behaviour which leads to a type I
singularity in the HRF. Let goo(t) be given by x3°(t), ..., 2;°(t). By the proof of theorem
[2.9.7 we have that

; t
2(t)= lim |R Lt |t s
Ly () ]ggo‘ m\(p], ])xl<j+’Rm’(pj,tj))

will be given by a decreasing linear function of ¢, for all i € J, where J is defined by

(2.38]). On the other hand, we have that
g (1) = oo,

for all k ¢ J, as j,(t) remains bounded, as t — 7.

Hence, (V, goo(t)) will be given by the rigid Ricci soliton

NX]R‘],
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where N is the homogeneous Einstein manifold defined by z$°(t), with i € J, and it
corresponds to the fibre H /K in (2.33)), and the flat factor R? is defined by x7°(t), for
k¢ J, with ¢ = dim(G/H).

2.9.4 Examples

We are now going to present two examples of homogeneous spaces to which the theory
developed in this section can be applied. These are also examples of compact homoge-
neous spaces which do not carry any invariant Einstein metric and were found by Bohm

in [§].

Example 2.9.18. Let G be a compact connected Lie group and consider homogeneous
spaces given by

G/K =G x G/(AK(K x K)), (2.49)

where K is a Lie subgroup of G which is simple, K is a Lie subgroup of G which is either
simple or 1-dimensional and G/(KK) is a compact irreducible symmetric space, cf. |5,
Table 7.102|. In the above expression, AK denotes the diagonal embedding of Kin KxK
and AK (IA( x K ) is the group obtained by considering all the possible products between
elements in AK and K x K. The Lie algebra of G x G is given by §1 @2, where g1 and o
refer to the Lie algebras of the first and the second factors in the direct product G x é,
respectively. Let £ and € be the Lie algebras of K and K , respectively. Hence, the isotropy
representation decomposes into three pairwise inequivalent irreducible summands given
by
p1=((8)1 @ (¥)2) © At

~ o~

po=019 D),

~ o~

p3 =020 (ED ¥)a,

where the subscripts on the right-hand side refer to the factors in the direct sum g ® g

and where by & we mean the following. Let V' and W be two vector spaces. Then
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VoW =VnW!, where W denotes the orthogonal complement of W. We then have

the following intermediate Lie algebras:

hzf@pla
h =D p1 D po,

ho = LD p1 © ps.

These are Lie algebras of intermediate Lie groups H, H1 and Hs, respectively. Note also
that ps is irreducible also as an Hi-module and po is irreducible also as an Hs-module.
As the hypotheses of theorem [2.9.7] are satisfied, some of the singular behaviours which

may occur in the HRF starting at any G-invariant Riemannian metric are given by

e H/K shrinks to a point in finite time and G/ K converges to G/H in the Hausdorft-

Gromov topology;

e H;/K shrinks to a point in finite time and G/K converges to G/H; in the

Hausdorff-Gromov topology;

e Hy/K shrinks to a point in finite time and G/K converges to G/Hy in the

Hausdorff-Gromov topology;
e (G/K shrinks to a point in finite time.

Now, using the non existence criterion found by Boéhm in [8], we can find sufficient
conditions in order to exclude some of the above singular behaviours. Let b = b; = by =

bs. The only non vanishing structure constants are given by [122] = [133] and dy = ds.

(b _ 2[22])[122] (de + dll) > lf (2.50)

is satisfied, then G/K does not carry any homogeneous Einstein metric. Moreover, look-

Bo6hm proved that if

ing at the Einstein equations for H; /K and Hy/K, using B6hm’s non existence criterion
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we have that if

<b - 2[32]) 122] <d12 + 2;) > If (2.51)

is satisfied, then these two homogeneous spaces do not carry any invariant Einstein

metric. Hence, if both (2.50) and (2.51)) are satisfied, the only singular behaviour that

we find is the one given by the shrinking of H/K to a point in finite time.
An example of such a homogeneous space is obtained by taking G = SO(n), K =
SO(n — k) and K = SO(k), with n > k.

Ezxample 2.9.19. Let G bea compact connected Lie group. Consider two coprime integers

p and ¢ such that (p,q) # +(1,1). A family of homogeneous spaces to which theorem

can be applied is given by
G x G/(AK - 50,,4(2)), (2.52)

where K is a Lie subgroup of G which is simple, SO, 4(2) is the diagonal embedding
of SO(2) in SO(2) x SO(2) with slope determined by (p,q), and G/(K - SO(2)) is
a symmetric space which can be found in [5, Table 7.102]. In this case, the isotropy
representation p decomposes into four irreducible pairwise inequivalent summands, which

are given by

p1 = (5 @ &) © AE,
pe =016 (50(2)1 ® &),
P3 = g2 © (50(2)2 @ ),

pa = (50(2)1 ®50(2)2) ©50p4(2).

Hence, the only non vanishing structure constants are [221], [224], [331] and [334]. Let
G =G x G and let £, 4 be the Lie algebra of K, , = AK - S0p.4(2). Then, €, , @ p1 is

the Lie algebra of an intermediate Lie group H; and po,...,ps are also irreducible as
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Hi-module. The hypotheses of theorem [2.9.7] are then satisfied. To identify some of the
possible singular behaviours in the Ricci flow starting at any homogeneous Riemannian

metric, we will list below all the intermediate Lie algebras.

bl = Ep,q D p1,
h4 = Ep,q ® P4,
b =tpq ®p1®p2Dpa,

b=t ®p1Dp3Dpa.

These are the Lie algebras of intermediate Lie groups given by Hy, Hy, H and H, respec-
tively. We note that pi, po and p3 are irreducible also as H4 modules, p3 is irreducible
also as an H-module and po is irreducible also as an H-module. We also have that py
is a trivial summand. Hence, the Ricci flow starting at any homogeneous Riemannian

metric could develop one of the singular behaviours listed below.

e Hi/K), shrinks to a point in finite time and the whole space converges in the

Hausdorff-Gromov topology to G/Hj;

o H /K, 4 shrinks to a point in finite time and the whole space converges in the
Hausdorff-Gromov topology to G/ H , provided that H /Kp,q carries homogeneous

Einstein metrics;

e H/K,, shrinks to a point in finite time and the whole space converges in the
Hausdorff-Gromov topology to G/H, provided that H/K, , carries homogeneous

Einstein metrics;

e The whole space shrinks to a point, provided that it carries homogeneous Einstein

metrics.

We will now provide some sufficient conditions in order to exclude some of these singular

behaviours. Let b = by = by = bg = by. The only nonzero structure constants are given
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by [122] = [133], [224] and [334]. Moreover, d2 = d3 and d4 = 1. In [§], B6hm proved that
if (2.50)) is satisfied, then G/K does not carry any homogeneous Einstein metric. Using
the same non existence criterion, we can also show that if (2.51)) is satisfied then both

H /K, 4 and H/K, , do not admit any invariant Einstein metric. We can then conclude

that, if (2.50) and (2.51) are satisfied, the only singular behaviour that we find is the

one given by the shrinking of H;/K to a point in finite time.



Chapter 3

The pseudo-Riemannian case

3.1 Introduction

In this chapter we are going to study in more detail the dynamical systems related to
the HRF on the homogeneous spaces considered in section [2.8] More precisely, we will
allow the functions which define the metric to be non positive. This means that we will
also consider initial conditions which do not necessarily define a Riemannian metric, but
a pseudo-Riemannian one. In general, the Riemannian side and the pseudo-Riemannian
one are very different. For example, for homogeneous spaces, in the pseudo-Riemannian
context, the isotropy group at a point is not necessarily compact, so there might not
be an invariant complement p to € in g. In order to overcome this problem, one usually
works with the quotient vector space g/ with the action induced by the Lie bracket of
g 5l

In our situation, however, we are only going to study the two dynamical systems
obtained in section in full generality. As the 1-parameter family of metrics that we

are considering is in general defined by
9(t) = 21(t)Q),, ® 22(t)Q),,

113
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for t € [0,T), the signature of g(¢) is determined by the signs of z;(t) and z2(t). By allow-
ing the functions to be non positive, we allow the initial metric to be pseudo-Riemannian.
We will investigate the formation of singularities and the existence of immortal solutions,
which are defined on [0, 4+00).

Finally, the last part part of the chapter is dedicated to the study of the behaviour
of the scalar curvature R(t) of the metric g(¢) under the same dynamical systems. We
prove that in the Riemannian case the scalar curvature always has to turn positive in
finite time, if it was negative initially. Whereas, in the pseudo-Riemannian case, there
are situations in which for a certain class of initial conditions negativity of the scalar
curvature is preserved and this leads to the existence of immortal solutions.

We would like to mention that topics related to the Ricci flow in the pseudo-
Riemannian case have been studied by other authors before. As an example, we refer

the reader to [3].

3.2 When the isotropy group is not maximal

In this section, we are going to study a dynamical system of the following form:

. _ z1(t)?
in(t) = ~C - AT . (3.1)
ia(t) = —p + BZL (3.2)

zo(t)’

where A, B and D and C are defined by —. In particular, recall that A, B
and D are positive and C' is non negative. In the previous chapter, as we were inter-
ested in deforming Riemannian metrics under the Ricci flow, we were imposing that
the functions z1(t) and z2(t) have to be positive. We will now drop this assumption,
which geometrically means that we will allow the metric defined by z1(¢) and z2(t) to

be pseudo-Riemannian.
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Let z1, z2 be coordinates in R?, with z; being the vertical axis and x» the horizontal
axis. Consider

D, = {(.111,:62) S R2|1}2 75 0}

Then, by a standard theorem of ODEs, we have existence and uniqueness of solutions on
D;. So, we immediately notice that the function z;(t) is allowed to change sign along
a solution of the above system, while x2(t) cannot, because the solution has to stop if
x2(t) becomes zero. Suppose that the initial time is given by ¢y = 0. There are four

different initial conditions that we have to consider:
i) £1(0) > 0 and z2(0) > 0,
ii) z1(0) <0 and z2(0) > 0,
iii) 21(0) <0 and z2(0) < 0,

iv) x1(0) > 0 and z2(0) < 0.

3.2.1 Caseli)

This case has been considered extensively in section Recall that the solutions to
C—-Dy+(A+B)y*=0 (3.3)

correspond to stationary points of (3.1)-(3.2). We will now give an alternative proof of

the fact that the solution can go to the origin in finite time only if equation ([3.3) has a

z1(t).
.I2(t) .

d (z1(t) 1 21 (t) z1(t)\
4 (n)y_ 1 (DU e (20) ) e

Note that if (3.3)) has no roots, then 28 is monotonically decreasing in t. Suppose that

positive root. Consider the evolution equation of

the solution goes to the origin in finite time, which means that both x(t) and z2(t)
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become zero. We already know, by the work we did in the previous chapter that these

functions go to zero linearly in t. This would then imply that %(i;g;) diverges to —oo

as (T —t)~!, as t tends to the final time 7. We then have that also its integral between 0

z1(t)
172(15)

and T would diverge to —oo, which would then imply that diverges to —oo, which
is a contradiction, as we know that the ratio between the functions is bounded. In this

way, we have then proved the following proposition.

Proposition 3.2.1. If 1(0) > 0 and z2(0) > 0, then there exists a solution to (3.1])-
(13.2) which goes to the origin in finite time if and only if (3.3)) has at least one root.

Example 3.2.2. The 12-dimensional manifold SU(4)/SU(2) is an example of a homoge-
neous space such that the above proposition can be used to show that it does not carry
any SU (4)-invariant homogeneous Einstein metric. In fact, we proved that a solution to
the HRF in this case can go to the origin if and only if the space carries a homogeneous

Einstein metric. In this way, we then reprove the non existence criterion found by Wang

and Ziller in [49].

3.2.2 Case

If (21(0),22(0)) satisfies the initial condition given by [ii) above, then, as long as we

x1 (t)
X2 (t)

remain in the fourth quadrant, is non positive for every ¢ such that a solution

exists. Hence, both functions z(t) and x2(t) are decreasing in ¢. Moreover, we have that

i’Q(t) < —D,

which integrated gives

x2(t) < —Dt + x2(0).

Hence, the solution will have to stop after a finite time, before z2(t) becomes zero. We

will now show that x;(¢) cannot diverge to —oo before z2(t) becomes zero, because this
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contradicts the uniqueness of the solution. In fact, suppose for a contradiction that there
exists an initial condition such that z1(t) tends to —oo, as t — 1", with 22(T") = a > 0.
Then, consider an initial condition with z1(0) << —1 and z2(0) = «. If we now solve
the equations backwards in time, we have that both z(¢) and z2(t) are increasing in ¢.
So the backwards solution would cross the trajectory of the previous one and we get a
contradiction, because the uniqueness still holds. We can then conclude that the final
time is characterised by x3(t) becoming zero. Moreover, as ¢t approaches the final time,
x1(t) either tends to a negative limit, or it diverges to —oo. We have then proved the

following proposition.

Proposition 3.2.3. If 21(0) <0 and x2(0) > 0, then there exists T' < 0o such that the
unique solution (z1(t), x2(t)) to (3.1)-(3.2) exists on [0,T) and, ast — T, xa(t) becomes

zero and x1(t) tends to a negative limit, which could be —co.

Before studying the solution backwards in time, we would like to consider the evolu-
tion equation of the quantity x (t)x2(t), as it is useful to understand better the behaviour

of z1(t). We have that

p B x1(t)?
g (P1(02a(t) = ~Caa(t) - AT

dt
Cm L, ma(t) L wa(D)?
-2 (B A-DEo cxl(t)2>.

— Dl’l(t) + B

As t approaches the final time, the expression between brackets always tends to B — A,

x1 (t)2
{L‘g(t)

which is not —oo, the product x1(t)z2(t) tends to zero. As x1(0)x2(0) < 0, it is then

while tends to +oo. From proposition [3.2.3} if x1(t) approaches a negative limit,

necessary that B — A > 0, otherwise the first derivative of 1 (¢)x2(t) would tend to —oo,
which is not possible, because of the mean value theorem. We can then conclude that if
B — A < 0, then necessarily z(¢) has to tend to —oo, as ¢t approaches the final time and
in such a way that @1 (¢)22(t) also tends to —oo. Recall that from (2.8)-(2.11)), B— A < 0

if and only if dy > 2d;.
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We now want to understand if every solution with initial condition as in comes from
one in the first quadrant. In oder to do this, we investigate the existence of backwards
solutions, with initial condition given by . Let 7 = —t and consider the system of

nonlinear ODEs

T1\T 2
z1(r) = C + Ax;ET;W (3.5)
nar) =0 - B2, (3

where /

indicates the derivative with respect to 7. We then have that, as long as we
remain in the fourth quadrant, both z1(7) and x2(7) are increasing in 7. We now have

to distinguish the cases C'=0 and C > 0. If C' > 0, we have that

.2131(7')/ > C,

which integrated gives

z1(1) > C1 + 21(0).

Hence, z1(7) becomes zero in finite time, which means that the solution crosses the
x9-axis. Note that, as x2(0) > 0 and z2(7) is increasing in 7, the solution cannot reach
the origin from the fourth quadrant. We then have that, when C' > 0, every solution
with initial condition given by [iif) comes from one starting in the first quadrant.

We will now consider briefly the case in which C' = 0. In this case {z1 = 0} is invariant
under the flow, so z1(7) cannot become zero in finite time. As y(7) is increasing in 7,
the derivatives of z1(7) and z2(7) are bounded, so the solution exists for every 7 > 0.
This means that when C' = 0, there exists an ancient solution and the trajectories never

arise in the first quadrant.
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3.2.3 Case

Here, as long as we are in the second quadrant, both z1(t) and xz5(t) are decreasing in
t, so the solution is moving towards the xs-axis. We need to distinguish two different
situations, namely C' = 0 or C' > 0. Let us firstly consider the case C' = 0. Then, the

evolution equation for x;(¢) becomes

:El(t)z
,Ig(t)Q ’

#1(t) = —A

We know that z2(t) < 22(0) < 0, as long as (x1(t), z2(t)) belongs to the second quadrant.

We then have that
z1(t)?
22(0)%’

i:l(t) > —A

which integrated gives
21(0)

t 7
nl)> G

21(0)
z2(0)2"

where C” is a positive constant given by A The above inequality tells us that z(¢)

cannot become zero in finite time. This means that the solution has to stay in the second

quadrant. We will now show that z2(¢) cannot become —oo in finite time. In fact, from

xr1 (t)
T2 (t)

its evolution equation we have that is increasing in ¢, as long as we are in the second

quadrant. Hence, we have that

I (0)

x'g(t) >—-D+ Bl‘Q(O)

1"
=-C",

which is a negative constant. If we integrate the above expression, we obtain

xo(t) > —C"t + 15(0),

which implies that xo(t) cannot diverge to —oo in finite time. Hence, if C' = 0, the

solution to the ODE exists for all t > 0. We will now prove that, as t — +o00, z1(t) tends
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(t)

to zero and x2(t) tends to —oo. As i;(t) is negative, we have that

ig(t) < —D,

which integrated gives

.TUQ(t) < —Dt+ .CEQ(O),

which tends to —oo as t — +o0o0. We will now prove that z1(¢) has to tend to zero,
as t — 4o00. Suppose for a contradiction that there exists a solution (x1(t),z2(t)) to
—, with C' = 0 and with initial condition as in , such that z1(t) - a > 0, as
t — +00. Then, consider another solution which starts at (x1(0) = «, z2(0) < 0). If we
try to look for a backwards solution with this initial condition, it means that we want
to solve the system (3.5)-(3.6), with C' = 0. We then have that both x1(7) and z2(7) are
increasing in 7, which means that the solution is moving towards the x;-axis. This would
then imply that this solution and the previous one intersect at a point, which contradicts

the uniqueness of the solution. We have then proved the following proposition.

Proposition 3.2.4. IfC =0 and 21(0) > 0 and x2(0) < 0, then the solution (z1(t), x2(t))
to (3.1)-(3.2) exists for all t > 0 and, as t — +o0, x1(t) tends to zero and x5(t) tends

to —o0.

To conclude, note that if z;(0) = 0 and x2(0) < 0, then #;(¢) = 0 for all ¢ such that
a solution exists, so the solution will just move along the zs-axis and x2(t) will tend to
—oo linearly in t.

We now have to analyse the case in which C' > 0. We have that

l‘l(t) < _Oa

which integrated tells us that x1(¢) will become zero in finite time. Moreover, using the

same estimate as before, we can show that x2(¢) cannot become —oo in finite time. So,
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if C' > 0, the solution will cross the xo-axis in finite time and enter the third quadrant,

where both functions are negative. The following proposition is then true.

Proposition 3.2.5. If C' > 0, then every solution to (3.1))-(3.2) with initial condition

in the second quadrant, crosses the xo-axis in finite time.

Finally, observe that if 21(0) = 0 and x2(0) < 0, then the solution will immediately

enter the third quadrant.

3.2.4 Case

Recall that in this case, (21(0),22(0)) belongs to the third quadrant. Here, we have to
distinguish several different cases, which depend on how many roots equation (3.3|) has.

In particular, the following situations can occur:
a) Equation has no roots;
b) Equation has exactly one positive root;
c¢) Equation has two distinct positive roots.

Note that in case E[) and , C > 0. Whereas, for case |b)), we have to distinguish the
cases in which C' = 0 and C' > 0. Moreover, we will also investigate which solutions in

the third quadrant come from solutions starting in the second one and which do not.

Case E[)

Let L be the line in R? defined by

{(a:1,a:2) c R?| ~D+B2 :0}.
T2
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This line separates the third quadrant into two connected regions given by
2 D
M= (1’1,172) eR |l’1 <0,220 < 0,21 < EZEQ ,

D
Yy = {(931,932) € ]R2\9:1 < 0,20 < 0,21 > sz}.

In particular, if (z1(t), z2(t)) € X1, then xa(t) is increasing in ¢, while if (z1(¢), z2(t)) €
X9, then x2(t) is decreasing in t. Recall that x;(t) is always decreasing in ¢. Now, the

second derivative of xo(t) is given by

Then, when 2(t) is zero, we have that Z5(t) is positive, which means that every critical
point is a minimum point for xz2(¢). Hence, the line L can only be crossed from X to
1. We also have that 3 is an invariant region for the dynamical system. In fact, if
we compute the vector field (&1(t),42(t)) on L, we have that it is given by (&1(t),0),
S0 it points towards the interior of X;. We will begin by considering the case in which
(21(0),22(0)) € X1. Here x;(t) is decreasing in ¢, while x2(t) is increasing. So the solution
is moving towards the xj-axis. As equation has no roots and x5 (t) is negative, from

the evolution equation of ml(t), we can see that 21
z2(t) x2(t)

is increasing in t. So, we have that

:Zil(())

ig(t) >—-D+ Bmg(())

=C' >0,

which integrated tells us that z5(¢) becomes zero in finite time. This means that the
solution will have to stop in finite time at or before the time in which z2(t) becomes
zero. We now need to understand the behaviour of z1(t). We will now show that z(¢)
cannot diverge to —oo before z2(t) becomes zero. Suppose for a contradiction that z1(t)
becomes —oo, while x2(t) approaches a negative limit, say «. Then consider the initial

condition (z1(0), @), with z1(0) < 0. If we try to solve the equations backwards in time,
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as z1(t) is increasing and xo(t) is decreasing, the solution will cross the previous one in
finite time. We then derive a contradiction, because as long as z2(t) is nonzero, we have
uniqueness of the solution. So, we know that at the final time x2(¢) becomes zero. For
what concerns the behaviour of x(t), we are in the same situation as in case ii) above.
So, x1(t) could either become —oo or approach a negative limit, as ¢ tends to the final
time. However, if we consider the evolution equation of x;(¢)z2(t), we can show that if
x1(t) tends to a negative limit, which is not —oo, then necessarily B — A < 0. Moreover,
if B— A > 0, x1(t) has to tend to —oo, as ¢t approaches the final time, and in such a
way that also z1(t)z2(t) — —oc.

We now have to consider the case in which (z1(0),22(0)) € Y. Recall that in X
both functions are decreasing in t. Moreover, their derivatives are bounded from below

in Xy:

This implies that z;(t) and z2(f) cannot diverge to —oo in finite time. We then have
that two possible behaviours can occur. Either the solution exists for all t > 0 in X», or
the solution hits the line L and enters the region X, which is invariant. We will show

that it is not possible for the solution to exists for all ¢t > 0 in X5. Suppose that we have

a solution of (3.1)-(3.2) in Xy which exists for all ¢ > 0. Then, as il(t) is increasing in

2(t)
28 approaches a finite positive limit,

t and bounded from above by %, we have that
as t — +o0o. Let denote this limit by y. In particular, % > ¢y > 0. We then have a line

21 = yxo in R? to which the solution is asymptotic from above. Now consider another

21(0)
z2(0)

look for solutions to (3.1)-(3.2) which go backwards in time, we find that, as both z1(¢)

solution with initial condition given by (z1(0), 22(0)) € X5 such that = y. If we now

and xz2(t) are increasing as the time goes backwards, this solution crosses the previous
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one and we contradict the uniqueness. So, the solution has to leave s in finite time and

enter the invariant region 2. We have then proved the following proposition.

Proposition 3.2.6. If (x1(0),x2(0)) belongs to the third quadrant and (3.3) has no
roots, then there exists T < oo such that there exists a unique solution to (3.1)-(3.2))
which is defined on the mazimal time interval [0,T). Ast — T, x2(t) becomes zero and

x1(t) tends to a negative limit, which could be —oo.

We conclude this subsection by showing that every solution with C' > 0 and which
starts in the third quadrant arises from one which starts in the second quadrant. First
of all note that if we have a solution which starts in 4, then we can solve the equation
backwards and find that it comes from a solution starting in Y. In fact, consider the
system —, where we changed time parameter from ¢ to 7 = —t. Then, z;()
is increasing in 7, while x2(7) is decreasing. This means that the trajectory is moving

towards the line L, which is a line of minimum points for za(7). As

/ xl(O)Q
xl(T) < C+AJ}2(0)2’

/ Il(O)
xQ(T) >l)—Ba:2(0)7

the solution will cross the line L in finite time and enter the region 3. It only remains
to show that every solution starting in Xs comes from a solution starting in the second
quadrant. Suppose that (z1(0),22(0)) € Xs. Then, by considering the system —,
we have that both z1(7) and z2(7) are increasing in 7. Hence, the trajectory is moving

towards the zo-axis. Moreover,

.’Bl(’l’)/ > C,

which integrated gives

z1(1) > C1 + 21(0).

Then, after a finite time 7", z1(7) becomes zero and two different behaviours can occur.
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Either the solution crosses the xo-axis or it reaches the origin and stops. However, as

z1(71)
2(T)

is decreasing in 7, it is not possible that x2(7) becomes zero, while x1(7) approaches

a negative limit. If the solution reaches the origin, then

i (o)

because (3.3 does not have roots. By performing an asymptotic analysis, we can find

that both x1(7) and z2(7) tend to zero linearly in 7. Hence, the first derivative of the

z1(T)

ratio 22 (9

tends to —oo as (T — 7)~!. This then implies that its integral between 0
z1(T)

and T” diverges to 400, which is not possible, as is decreasing in 7. We can then
z2(7)

conclude that the backwards solution has to cross the zo-axis in finite time, which means

that every solution comes from one which starts in the second quadrant.

Case |E[)

Here, we have to distinguish the cases in which C' = 0 and C' > 0. We will start with

the case in which C' > 0. Let gy denote the unique solution to (3.3). Then, we can write

Il(t)
T2 (t)

(R0) - A (n Y,

which implies that z;—gg is always increasing in ¢, unless we are on the line x1 = yxo,

the evolution equation of as

where the ratio remains constant. As in the previous case we consider the line L, which
separates the regions in which z9(t) is increasing and those in which it is decreasing in ¢,
which we denoted by X and X, respectively. Note that § < %, which means that the line
r1 = yxo, with x1, 22 < 0, lies in the region s, in which both functions are decreasing

in ¢. Moreover, if the initial condition (z1(0),x2(0)) is such that x1(0) = yz2(0), then
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the solution exists for every ¢ > 0 and for every such ¢

This is due to the fact that the line x; = gz is invariant under the system (3.1))-(3.2).
Clearly, if we investigate the solution backwards in time starting on this line, we have
that the trajectory reaches the origin in finite time. We then have to distinguish the

following remaining initial conditions:

D S <7

8

O

2) 2(0)

8

We will now analyse these possible initial conditions separately. We will also show that
every solution starting with initial condition given by |1) comes from a solution which

starts in the second quadrant.

Case : By the uniqueness of the solution, we have that

for every t such that a solution exists. Hence, the functions x;(¢) and zs(t) are both

decreasing in ¢ with bounded derivatives:

ﬂfl(t) >—C — Ag2a

i’g(t) > —D.

By standard ODE theory we then have that this implies that the solution exists for

xl(t)

every t > 0. As PO

is increasing in t and less than g, for every ¢t > 0, it approaches

a positive limit as ¢ — +oo. Due to the uniqueness of the solution this limit has to
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l’l(t)

correspond to . We have then proved that 72(0)

tends to ¥, as t — +00. We will now
investigate the solution backwards in time to see from where it comes from. The equa-
tions (3.5))-(3.6) tell us that z1(7) and x2(7) are both increasing in 7 = —¢, while their
ratio is decreasing in 7. Hence, the point (x1(7),x2(7)) is moving towards the zo-axis.
Moreover, as in case @), x2(7) cannot become zero, which means that the point cannot
go to the origin. Hence, the solution will cross the xo-axis in finite time, which means

that every solution starting with comes from a solution arising in the second quadrant.

Case [2)): We have to distinguish two possible initial conditions: (21(0),z2(0)) € X
and (z1(0),22(0)) € Xy. We will begin by considering the case in which the initial
condition lies in ;. As in case @), 21 is an invariant region for our system of differential
equations. This implies that (z1(t),z2(t)) € X1, for every ¢ such that a solution exists.
Then, by proceeding as in case [af), we can show that the solution has to stop in finite
time, because x2(t) becomes zero. Moreover, as t approaches the final time, x;(t) tends
to —oo. Finally, by investigating the solution backwards in time, we can show that every
solution which starts with this initial condition comes from one which starts in X5. We
now have to consider the case in which the initial condition lies in 5. Here we can
proceed as in case @ and show that every solution starting with this initial condition
has to cross the line L in finite time and enter the invariant region 3, where we know
what happens.

We have then proved the following proposition.

21(0)
z2(0)
x1(0),22(0) < 0, there exists a unique solution to the system (3.1)-(3.2]) which is defined

Proposition 3.2.7. If C > 0 and (3.3|) has exactly one root, then, if < vy, with

_ 0 _ .
on [0,400). Moreover, as t — 400, 28 tends to . If z;gog > g, with £1(0),z2(0) < 0,
then there exists T < oo such that there exists a unique solution to the system (3.1))-

(3.2) which is defined on the mazimal time interval [0,T). Moreover, the final time T

is characterised by the fact that xo(t) becomes zero and x1(t) tends to a negative limit,
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which could be —oco. Finally, we have that every solution starting with 2% < Y comes

from one arising in the second quadrant.
We still have to consider the case in which C' = 0. Then, equation (3.3 has one zero

root and then one positive root given by

D
A+ B’

g:

In particular, the evolution equation for i;gg becomes

d (2()\ _ zi(t) (z(t) D
dt <$;(t)> a _(A+B)x21(t)2 <x;(t) B A+B> : (3.7)

As before, the line 1 = yao is a particular solution to the system — and can
never be crossed by any other solution. In contrast to the case in which C' > 0, this
time we have that also the line 7 = 0 is a particular solution to the system that we are
considering. So, also the z9-axis can never be crossed by any other solution, which means
that none of the solutions with this initial condition can come from solutions starting
in the second quadrant. We then have to consider two possible initial conditions, which

are the same as in|l)) and |2)) above.

Case : By the uniqueness of the solution, we have that

<7, (3.8)

for every t such that a solution exists. Equation (3.7 implies that z;—gg is decreasing in

t. We also know that both z;(t) and x2(t) are decreasing in ¢ with bounded derivatives:

.fl(t) > —AQQ,

.i'g(t) > —D.
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So the solution exists for every ¢ > 0. Moreover, 28 tends to zero, as t — +00. We will

x1(T)

now investigate the solution backwards in time. Let 7 = —t. Then, 72(7) is increasing in

7, as well as x1(7) and x2(7). This implies that x1(7) cannot become zero, unless also

x2(T) becomes zero. Moreover, we have that

zo(1) > D — By > 0,

which integrated tells us that z2(7) becomes zero in finite time. Now (3.8]) implies that

x2(T) cannot become zero, unless also x1(7) becomes zero. We can then conclude that

z1(T)
z2(T)

the point (z1(7),x2(7)) goes to the origin in finite time, with which tends to 7 as

7 tends to the final time.

Case : By the uniqueness of the solution we have that

for every t such that a solution exists. Moreover, equation (3.7) tells us that 28

is increasing in t. We now have to distinguish two possible initial conditions, namely

(21(0),22(0)) € X or (z1(0),z2(0)) € Xy, which were described above. We will consider
firstly the case in which the initial condition lies in Y. As before, this is an invariant
region for the system (3.I)-(3.2). So, we will have that (z1(t), z2(t)) € X, for every ¢
such that a solution exists. Recall that in X1, z1(¢) is decreasing, while x2 (%) is increasing

in t. We have that
z1(0)

i’Q(t) >—-D+ sz(o),

which is a positive constant. Hence, by integrating the above equation, we have that za(t)
has to become zero in finite time. Now, proceeding as in case a) above, we have that

the final time is characterised by z2(t) becoming zero and x;(t) approaching a negative
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limit, which could be —oo. Moreover, if B — A > 0, then necessarily z1(t) — —o0, as ¢
tends to the final time, and in such a way that x;(t)za(t) — +oo.

By investigating the solution backwards in time, we find that it always has to cross
the line L and enter the region Y5, which means that every solution starting in X; comes
from one starting in Ys.

It remains to consider the case in which the initial condition lies in 5. Here both
functions are decreasing in ¢, while their ratio is increasing. As before, we have that the
solution has to cross the line L, where x2(t) attains its minimum and enter the invariant
region Y. If we investigate the solution backwards in time, we are then looking for
solutions to the system (3.5)-(3.6), with C = 0. We then have that both z1(7) and z2(7)
are both increasing in 7, while their ratio is decreasing. Moreover,

111(0)2

1‘1(7‘)/ > A$2(0)27

.TQ(T)/ < D.

Then, the solution stops in finite time because x1(7) becomes zero. As y(7) > y for

every 7 such that a solution exists, if x1(7) vanishes, then also z2(7) must vanish, which

(1)

means that the trajectory goes to the origin. Moreover, we can compute that ) tends

1
€2

to y, as T approaches the final time. We have then proved the following proposition.

Proposition 3.2.8. Suppose that C' = 0, then, if ;;Eg; < ¥y, there exists 0 < T < o0
such that there exists a unique solution to (3.1))-(3.2), which is defined on the maximal

z1 (1)
z2(t)

z1 (1)

w2 (D) tends to

time interval (=T, 400). Ast — 400,

tends to zero and ast — —T,

y. Whereas, if ;éggg > 4, then there exist 0 < T1,T5 < oo such that there exists a unique

solution on the mazximal time interval (=T1,T). As t — Ty, x1(t) tends to a negative

limit, which could be —oo, and x2(t) tends to zero. Finally, as t — =T, i;—gg tends to

Y.
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Case

First of all we note that C > 0, because we assume that equation (3.3)) has two distinct
positive roots. We denote these by y; and ys. Suppose without loss of generality that

Y1 < y2. We then have that

L) A (28 a) (20 w) e

As before, we can consider the line L which separates the third quadrant into two

connected regions Xy and Xs. We note that the lines z1 = y1z9 and 1 = yox9, with

x1, w2 < 0, are located in the region Xy, where z2(t) is decreasing in t. We also observe

that if the initial condition satisfies ﬁiggg = y;, with ¢ = 1,2, then equation (3.9) above

implies that

D) = Yi,
for all ¢ > 0. As before, this is due to the fact that the lines xy = y;x0, with ¢ = 1,2
are invariant under the system —. Whereas, if we try to solve the equations
backwards in time, we have that the solution stops in finite time, because it reaches the

origin. Hence, we have to consider the following initial conditions:

We will now consider all these cases separately.

Case : By equation (3.9)), we have that i;%g is increasing in t. Moreover, we know,

as we are in Xy, that both z1(¢) and x2(t) are decreasing in t. We can also show that
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the derivatives of z1(t) and z2(t) are bounded from below:

i‘l(t) > —C — Ay%,

:f?g(t) > —D.

Il(t)
.rg(t)

So, the solution exists for every t > 0 and, as t — +oo, tends to 1. If we now
investigate the solution backwards in time, as in case [d] we find that it has to cross the
To9-axis in finite time, which means that every solution starting with this initial condition
comes from one arising in the second quadrant.

Case : From equation (3.9)), we have that i;g; is decreasing in t. Moreover, we

know that

t
1y < L“ < Y2, (3.10)

2(t)
for every ¢ such that a solution exists. This means that the solution (x;(t), z2(t)) never

leaves Xs. Hence, both z1(t) and x2(t) are decreasing with derivatives bounded from

below:

i‘l(t) >—C — Ayg,

i‘Q(t) > —D.

Then the solution exists for every ¢ > 0 and, as t — +o00, ﬁ;—gg tends to y;. We will

now investigate the solution backwards in time. We are then considering the system
(3.5)-(3.6), where 7 = —t. We have that x1(7) and z2(7) are both increasing in 7, as

well as their ratio. Moreover,

z5(7) > D — By > 0,
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which integrated tells us that x2(7) becomes zero in finite time. However, equation (3.10))
tells us that xo(7) cannot become zero, unless also z1(7) becomes zero, and viceversa.

Hence, the solution stops in finite time, because the solution reaches the origin. Finally,

x1(T)
z2(T)

tends to y9, as 7 approaches the final time.

Case : By the uniqueness of the solution, we have that

x1(t)
m;(t) > Y2,

xr1 (t)
xo (t)

for every t such that a solution exists. Moreover, from equation , we have that
is increasing in t. Here, we have to distinguish two possible initial conditions, namely
(21(0),22(0)) € Xy and (21(0),22(0)) € Xs. We will begin by considering the case in
which the initial condition lies in 3. As this region is invariant under the system (3.1))-
(B-2), we have that (z1(¢), z2(t)) € X1, for every ¢ such that a solution exists. Here, as in
caseja, we have that the solution stops in finite time because z2(t) becomes zero and z1 (t)
tends to a negative limit, which could be —oco. Moreover, if B — A > 0, then necessarily
x1(t) tends to —oo and x1(t)x2(t) tends to +00. Then, exactly as in the previous cases,
if we investigate backwards solutions, we find that every solution starting in X; comes
from one starting in X». We then have to consider the case in which the initial condition
lies in Y. Again as in the previous cases, the solution has to cross the line L, which
corresponds to a line of minimum points for x5(t), and enter the region X,. Whereas,

if we investigate the solution backwards in time, we find that it exists only for a finite

x1 (t)
IQ(t)

time, because both functions become zero. Moreover, the ratio tends to y2. We have

then proved the following proposition:

Proposition 3.2.9. Suppose that (3.3) has two distinct roots. Then, if i;ggg < y1, there
(t)

a unique solution to (3.1)-(3.2]) which is defined on [0, +00). Ast — +o0, the ratio i;(t)

tends to y1. Moreover every solution with this initial condition comes from one arising
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21(0)

in the second quadrant. If, 11 < 22(0)

< Yo, then there exists 0 < Ty < oo such that

there exists a unique solution on the maximal time interval (=T, +00). As t — +o0,

x1(t)
xz(t

21(0)
x2(0)

tends to y1, while, ast — —T1, the ratio approaches ys. Finally, if

> 1o, there

=

exist 0 < T, Ty < 0o such that there exists a unique solution which is defined on the

mazximal time interval (=T5,Ts). Ast — Ty, 2—8 diverges to +o0o, while it tends to yo,

ast — —T3.

3.3 When the isotropy group is maximal

In this section, we are going to study the following dynamical system:

xl(t) =-A1+B iigg -4 2222’ (3.11)
do(t) = —As + By 28 —Cy ijggz (3.12)

where the A;’s and the B;’s are defined by — and are all strictly positive. In
the previous chapter, we were interested in the case where the functions z1(t) and xz5(t)
define a Riemannian metric. For this reason, we were imposing the condition that both
these functions had to be strictly positive. Here, we will consider the remaining cases,

in which the functions are also allowed to be negative. Let

Dy = {(z1,22) € ]R2|:E1,x2 # 0}.

Suppose that the initial time is given by {35 = 0. Then by standard ODE theory, we have
existence and uniqueness of solutions on Dj. Hence, the functions z;(t) and z2(¢) are not
allowed to change sign along any solution to (3.11))-(3.12). We then have to distinguish

the following cases:

I) xl(t),xg(t) > 0;
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II) l’l(t) < 0, CCQ(t) > 0;
1) z1(t) < 0,z2(t) < 0O;
IV) 1‘1(75) > 0, .leg(t) < 0.

We have already discussed case I) in detail. We will now consider the other cases sepa-

rately.

3.3.1 Cases II) and IV)

1 (t)
z2(t)

As the functions have opposite signs, the ratio is always negative. Hence, both x1 ()
and xo(t) are decreasing, for every ¢ such that a solution exists. Moreover, we have the

following derivative estimates:

S'Cl(t) < — Al,

.fg(t) < — AQ.

By integrating these inequalities, we have that in case II) the solution has to stop at or
before the time in which x2(t) becomes zero, which is finite. In case IV), the solution has
to stop at or before the time in which x1(t) becomes zero,which is finite. Now, as in the
previous section, we have that in case II) the final time is characterised by z2(t) becoming
zero and x1(t) approaching a negative limit, which could be —oo. Similarly, in case IV)
the final time is characterised by z1(t) becoming zero and x2(t) approaching a negative
limit, which could be —oo. In order to have a better understanding of the behaviour of

the function which does not tend to zero, it is useful to compute the evolution equation
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of I (t)l‘g(t).

d _ o (t)? z1(t)?
! (x1(t)x2(t)) = — A122(t) + B () - Ch (1) — Agxy(t)
z1(t)? w2 (t)?
RPN ORPN()
2
=~ Araalt) = Aama(0) + (81— C0) 20
.CUl(t)Q
+ (B2 — C1) oa(t)

Hence, if we are in case II) and By — C; < 0, necessarily z(t) has to tend to —oo and
in such a way that x1(t)z2(t) also tends to —oo, as ¢t approaches the final time. On the
other hand, if we are in case IV) and B; — C2 < 0, then necessarily both x2(t) and
x1(t)x2(t) have to tend to —oo, as t approaches the final time.

We will now investigate the solution backwards in time. Let us change time parameter

from t to 7 = —t. Then, the system (3.11))-(3.12)) becomes

xl(T)’ =A-B ijg:; + C i;gz;z, (3.13)
:CQ(T)’ =Ay — By i;g:i + Cs iig:;; (3.14)

where ’ indicates the derivative with respect to 7. In this case we have that both func-
tions are increasing in 7. With similar techniques as before, we can show that in case
IT) the backwards solution stops in finite time because x(7) becomes zero, while xo(7)
approaches a positive limit, which could be 4+00. For what concerns case IV), the back-
wards solution stops in finite time because z2(7) becomes zero, while x;(7) approaches

a positive limit, which could be +00. We have then proved the following proposition.

Proposition 3.3.1. In case II) (case IV)), there exist T1, To > 0 such that there exists a

unique solution to (3.11))-(3.12)) which is defined on the mazimal time interval (—T5,T1).

Moreover, Ty is characterised by xa(t) (v1(t)) becoming zero, while x1(t) (v2(t)) ap-
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proaches a negative limit, which could be —oco. Finally, —T» is characterised by x1(t)
(x2(t)) becoming zero, while xo(t) (x1(t)) approaches a positive limit, which could be

+o0.

3.3.2 Case III)

We consider the following two hypersurfaces in R?:
2 T2 x%
Ly = ($1,$2) eR |—A1—|—Bl—_0172:0 ’
1 5

2 1 a3
Ly = (xl,.%Q)ER‘—AQ—i-BQ——CQ—z: .

By the work we did in the previous chapter, we know that L; and Lo correspond respec-
tively to two lines in R? given by 1 = 122 and z1 = Joxs, with 71,72 > 0. Moreover,
we also showed that 4; < g2. We note that L; and Ly separate in the third quadrant
the regions in which z(¢) and x3(t) are increasing or decreasing in t. In particular, we

have three regions:

= {(1‘1,562) S RQ‘I‘l,ZCQ < 0, x> g]lzvg > ﬂ2$2},
5y = {(z1,32) € R?|zy, 22 < 0, foxa < 21 < fr22},

5y = {(w1,22) € R¥21, 22 < 0, 21 < fowa < J12}-

In Xy, z1(t) is increasing, while z2(t) is decreasing. In Y3, x1(t) is decreasing, while z2(t)
is increasing. Finally, in X5, both functions are decreasing. By computing the vector field

(£1(t), #2(t)) on the boundary of these regions, we can easily see that the only invariant

xr1 (t)
o (t)

ones are X and Y3. Let y(t) = . Its evolution equation is given by

y(t) = m( — (B2 + C1) y(t)® + Ao y(t)* — A1y(t) + By + Ca).
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We can then consider the following equation in y:
— (32—1—01) y3+A2y2—A1y+Bl+Cg =0. (3.15)

In the previous chapter, we showed that the roots of this equation are all positive.
Moreover, they all correspond to lines through the origin in R?, which are located between
the lines 1 = 122 and x1 = fox9, i.e. in the region X». We also have that these lines
correspond to fixed points of —. Hence, by the uniqueness of the solution,
they can never be crossed by any other solution. This implies that the quantity y(t) is
monotonic along any solution to —.

We will begin by studying the behaviour of the solution in the invariant regions X}
and Y3. Suppose that (z1(0),z2(0)) € Xs. Then, (x1(t),z2(t)) € X, for every ¢ such
that a solution exists. Recall that in X3, z1(t) is decreasing, while z2(¢) is increasing. So

the solution is moving towards the zj-axis. From (3.12]), we have that

(0) 22(0)* _

. 1
t —Ay+ B =
To(t) > 2+ 2932(0) 2:51(0)2

C,

which is a positive constant as (x1(0),z2(0)) € X3. If we integrate the above equation
we get

29(t) > Ct + 2(0),

which means that the solution has to stop at or before the finite time in which zy(t)
becomes zero. As before, we have that z1(t) cannot diverge to —oo before x5(t) becomes
zero. So the final time is characterised by x2(t) becoming zero, while x;(¢) approaches a
negative limit, which could be —oco. If we consider the evolution equation of z1(t)z2(t),
then we find that if By — C7 > 0, necessarily z1(¢) has to tend to —oo in such a way
that z1(t)z2(t) tends to +oo.

Similarly, if (21(0),22(0)) € X1, then (x1(t),x2(t)) € Xy, for every t such that a
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solution exists. In this case, we have that

x2<0)
561(0)

i?l(t) > —A1 + By

which is a positive constant. If we integrate the above expression, we obtain that the
solution has to stop at or before the finite time in which z(¢) becomes zero. For what
concerns the behaviour of xy(t), we have that it cannot diverge to —oo before z1(t)
becomes zero. So, as t approaches the final time, x2(¢) tends to a negative limit, which
could be —oo. Finally, from the evolution equation of x; (¢)z2(t), we have that if Bj—Cy >
0, then necessarily the limit of z5(t) is —oo and the limit of 1 (¢)z2(t) is 400.

If we investigate the solution backwards in time, we find that every solution which
starts in one of the two invariant regions comes from one which starts in Xs.

We will now study the case in which the initial condition lies in 5. We have to

distinguish three cases corresponding to how many roots equation (3.15)) has:
A) Equation (3.15]) has only one root;
B) Equation (3.15]) has exactly two roots;

C) Equation ({3.15) has three roots.

Case A)

Let y denote the unique solution to (3.15)). Then, either

J(t) =~ (By + OV (y(t) — D

or
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where P(y(t)) is a second order polynomial in y(¢), which is always positive. So, in both
cases, if y(t) > @, then y(t) > 0, while if y(¢) < @, then §(t) < 0. We then have to

distinguish the following two cases:
1) y(0) <;

2) y(0) > y.

Case 1): By the uniqueness of the solution, we have that y(t) < g, for every ¢ such
that a solution exists. Moreover, y(t) is monotonic decreasing in ¢. Recall that as long

as we are in X, both functions are decreasing. The following lemma is true.
Lemma 3.3.2. The solution has to leave Yo after a finite time.

Proof of the lemma. Suppose for a contradiction that the solution exists for every ¢ > 0
in Xy. Then, y(t) has to approach a limit as ¢ — +o00. Moreover, this limit has to be
different from 0 and +o0, because it has to be in Y. We then have that the limit of y(t)
has to be a root of equation different from ¢, which is a contradiction. Hence, the
solution cannot exists for all £ > 0 in X5, which means that it has to stop in finite time.
We will now show that this cannot happen in 5. Recall that in Y5, both functions are
negative and decreasing, which means that they are bounded away from zero. Moreover,
we have that

i1(t) > —A1 — 1%, (3.16)

which means that z(¢) is bounded from below by a negative constant, if the existence
time is finite. Hence, in Y, the solution can stop in finite time only if zo(t) diverges to
—00, which would then imply that y(¢) tends to 0. However this is not possible in Ys.

So the solution has to leave Y5 after a finite time. O

By this lemma, we have that the trajectory has to enter the invariant region 3 in

finite time, where we know what happens.
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We can now investigate the solution backwards in time. First of all note that, as
long as we are in Yy, x1(7) and xo(7) are increasing in 7 = —t. So the trajectory never
leaves X in this case. Moreover, from (3.13)-(3.14) and the fact that y(0) < y(7) < ¥,

for every 7 such that a solution exists, we have that

B

y(0)
1

2o(7) > Ay — Boy + 02?

z1(1) > Ay — + C1y(0)%,

So the derivatives of z1(7) and xo(7) are bounded from above by a positive constant,
which means that the solution stops in finite time because one of the two functions
becomes zero. However, the only possibly for the functions to become zero is that the
trajectory goes to the origin, otherwise we would leave the region 35, which is invariant

for the backwards flow. Finally, we can compute that ;;E:; tends to g, as T approaches

the final time.

Case 2): By the uniqueness of the solution, we have that y(t) > g, for every t such
that a solution exists. In particular, this implies that y(¢) is monotonic increasing in ¢.

We then have that the following lemma is true.
Lemma 3.3.3. The solution has to leave Yo after a finite time.

Proof of the lemma. The proof of this lemma is very similar to the proof of lemma,|3.3.2
We can show in the same way that the existence time in X5 has to be finite. Then, instead

of (3.16]), we have the following derivative estimate:

So in X xo(t) is bounded from below by a negative constant, because the existence time

is finite. This implies that the solution can stop in finite time only if x;(¢) becomes —oo,



3.3. When the isotropy group is maximal 142

because both functions are bounded away from zero. This would then imply that y(¢)
tends to +o0o, which is not possible in Xs. So, the solution has to leave X after a finite

time. O

We can then conclude that the solution has to enter the invariant region Y3 in finite
time.

If we now investigate the solution backwards in time, in a similar way as for case 1)
above, we find that the solution has to stop in finite time, because the trajectory reaches

the origin. Moreover, the ratio i;g:; tends to 7, as 7 approaches the final time.

We have then proved the following proposition.

Proposition 3.3.4. Suppose we are in case III) and equation (3.15)) has only one root

y. Then, according to the initial condition, we have that:

o Ify(0) <y, there exist T1, Ty > 0 and finite such that there exists a unique solution
to the system (3.11))-(3.12)) which is defined on the mazximal time interval (=11, Ts).

Ast — =T, y(t) — gy and, as t — Ty, y(t) — 0.

e Ify(0) > g, there exist T{,T5 > 0 and finite such that there exists a unique solution
to the system (3.11))-(3.12) which is defined on the maximal time interval (=T7,T5).

Ast — =T, y(t) — g and, as t — T3, y(t) — +oo.

Case B)

Let y; and yo denote the two roots of equation (3.15)). We then have that

Bt

o VO W) — ). (3.17)

y(t) =

We now have to consider two possible situations, namely y; < yo or y; > yo. We will
only consider the case in which y; < w2, as the other one is similar. There are three

possible initial conditions:
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1) y(0) < y1;
2) y1 <y(0) < yo;

3) y(0) > ya.

Case 1): We have that y(¢) is monotonic decreasing in ¢. Moreover,

y(t) <y,

for every t such that a solution exists. We now have an analogue of lemma [3.3.2] which
tells us that the solution has to leave X5 after a finite time and enter the invariant region
X1. Now as in case 1) of A), we can show that if we try to solve the equations backwards
in time, it has to stop after a finite time because both functions approach zero and y(t)

tends to 1.

Case 2): By the uniqueness of the solution, we have that

y1 < y(t) < Y2,

for every t such that a solution exists. This implies that the solution remains in the
region Xy for all times. Moreover, y(t), x1(t) and z2(t) are all monotonic decreasing in ¢.
We also have that the derivatives of z1(t) and x2(t) are bounded from below by negative

constants:

: 22(0) 1(0)*
z1(t) > —-A1+ B -C ,
) Ca
Zo(t) > —Az + Bay1 — 2

1

Hence, the solution exists for every ¢t > 0. Moreover, we can compute that y(¢) tends

to y1, as t — +o0. If we now investigate the solution backwards in time, we find that
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it has to stop after a finite time, because both functions tend to zero. This is due to
the fact that z1(t) and z2(t) are negative and increasing in ¢ with derivatives bounded

from below by positive constants. Moreover, y(t) tends to y,, as we go backwards in time.

Case 3):We can treat this case in the same way as case 2) of A) above. We find that
if the initial condition lies in X5, then it has to leave this region in finite time and enter
the invariant region Y3. Moreover, if we solve the equations backwards in time, we find
that it has to stop in finite time because both functions become zero. Moreover, y(t)

tends to ys, as we go backwards in time.

We have then proved the following proposition.

Proposition 3.3.5. Suppose that we are in case I11) and that equation (3.15)) has exactly
two roots y1 and y2 such that (3.17)) holds. Then if y1 < y2 (y1 > y2), depending to the

mitial condition we have that:

o Ify(0) <y (y(0) < y2), there exist Th, Ty > 0 and finite such that there exists a
unique solution to the system (3.11)-(3.12)) which is defined on the maximal time
interval (=Ta,T1). Ast — Th, y(t) — 0 and, as t — —Ts, y(t) tends to y1 (y(t)

tends to ya).

o Ify1 <y(0) <wy2 (y2 < y(0) < y1), then there exists T > 0 and finite such that
there exists a unique solution to (3.11))-(3.12)) which is defined on the mazimal time
interval (=T, +00). Ast — +o0, y(t) approaches y1 and, as t — =T, y(t) tends

to Y.

e If y(0) > yo (y(0) > y1), there exist T{,T% > 0 and finite such that there exists
a unique solution to (3.11)-(3.12) which is defined on the maximal time interval
(=T3,T7). Ast — Ty, y(t) tends to +o00 and, ast — =Ty, y(t) approaches y2 (y(t)

approaches ys ).
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Case C)

Let y1, y2 and y3 denote the three roots of equation (3.15)). Suppose without loss of
generality that y; < y2 < y3. We then have that the evolution equation of y(t) can be

written as
Bty

(y(@) —y1)(y(t) — y2)(y(t) — ys3).
x1(t)

y(t) =
We then have four possible initial conditions:
1) If y(0) <w;
2) Iy <y(0) <y
3) If yz2 <y(0) <ys;
4) If y(0) > ys.

Note that in cases 1) and 3), y(¢) is monotonic decreasing in ¢, while in cases 2) and 4),
y(t) is monotonic increasing. The analysis that we need for cases 1) and 4) is exactly the
same as in cases 1) and 3) of B) above. Whereas, for the other two cases, we proceed
exactly in the same way as in case 2) of B) above. For this reason, we will then state

the following proposition, without proving it.

Proposition 3.3.6. Suppose that we are in case IV) and that equation (3.15|) has exactly

three roots. Denote these roots by y1, y2 and y3, with y1 < y2 < y3. Then,

o If y(0) < w1, there exist Ty, Ty > 0 and finite such that there exists a unique
solution to (3.11)-(3.12)) which is defined on the mazimal time interval (—Ty,T}).

Ast —T1, y(t) — 0 and, as t — =Ty, y(t) — y1.

o Ify1 < y(0) < ya, there exists T > 0 and finite such that there exists a unique
solution to (3.11))-(3.12)) which is defined on the mazximal time interval (=T, +00).

Ast — 400, y(t) = y2 and, ast — =T, y(t) = y1.
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o Ifyo < y(0) < ys, there exists T' > 0 and finite such that there exists a unique
solution to (3.11))-(3.12) which is defined on the mazimal time interval (—T", +00).

Ast — +oo, y(t) = y2 and, as t — =T, y(t) — ys.

o If y(0) > ys, there exist T{, T4 > 0 and finite such that there exists a unique
solution to (3.11))-(3.12)) which is defined on the mazimal time interval (—T%,T7).

Ast —T7, y(t) = 400 and, ast — =T, y(t) — y3.

3.4 The scalar curvature

In this section, we will study the behaviour of the scalar curvature under the evolution

cquations given by (B-1)-(3-2) and (B-11)-(312).

3.4.1 When the isotropy group is not maximal

We will firstly consider the case in which (z1(t),z2(t)) evolves under the system ({3.1)-

(3.2). The scalar curvature is given by

R(t) = — <Cd1 del(t)ACllxl(t)Q),

:I)l(t) 2 2 1'2(25) 2 132(t)2

where di and do are the dimension of the two irreducible inequivalent invariant sum-
mands p; and pg, as in section [2.8.1] We also have the following relation between A and
B:

di . dy

—A=—"-B. 3.18
5 1 (3.18)
In the Riemannian case, by the Maximum principle we know that positivity of the scalar
curvature is preserved under the Ricci flow. Moreover, we also know that if the scalar

curvature is positive initially, then the Ricci flow has to develop a singularity in finite

time. We will now study the behaviour of the scalar curvature according to the different

cases .
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First of all, we have that R vanishes when

dl d2 dl 2 9
D .1
C—+ y—A—y“ =0, (3 )

where y = i—; and 21, x9 are coordinates in R?. The discriminant of (3.19) is given
d% 2 ZA

which is always strictly positive. So, (3.19) has always two different solutions, which are
given by
1

_ 1 da 40, 24’
=—| —-—=D —=D A
Y1 d < 9 + ( 4 + dl C s

1C

in the case where C > 0, and by

=

glzoa
D
yQ_dlA’

in the case where C' = 0. Clearly, 92 is negative and ¢ is positive. We also have that g

is positive. In fact,

_ 1 da da _

The solution to (3.19)) define lines through the origin in R?, which separates the regions
in which R is positive and the regions in which R is negative. The following two pictures

which illustrates this in the two cases in which C > 0 and C = 0:
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x1 Y= T Y=y2
R<0 R<0 R<0
R<0
Y=y2
R>0 R>0
R>0
R<0 T2 *2
R<0 R<0
R>0
R>0
R>0 R>0
C>0 C=0

We now have to distinguish the different cases .

Case E[)

We will study the behaviour of the scalar curvature in the first quadrant, where both
x1(t) and wz2(t) are positive. We will distinguish the cases in which C' > 0 and C' = 0.
Let us begin with the case in which C' > 0. Here we have that R > 0 if and only if

y < y1. From (3.2)), we have that the region in which z2(t) is decreasing in ¢ is given by

D
{(wl,xg) e R?|z; < 332}.
B
We will now show that in this region R is positive. If y =

1
R=—

I

di ., dyD? dy D?
- ~ 4).
<2C 2 B 2 B?

By @.18),

1 D2 D? 1 D2
R:<dlc+d2_d2) :<dlc+d2) -0,
I 2 4 B
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Hence, on the boundary of the region where z2(t) is decreasing in ¢, R > 0. This means

that

< gh

Sl

which implies that R is positive for every y < %. We can easily see the the region

{y < %} is invariant for the system (3.1)-(3.2). In fact, the vector field (&1(t), &2(t))
on the boundary {y = %} is given by (#1(t),0), which points towards the interior, as
#1(t) is negative. Note that this region is characterised by z2(t) being decreasing in t.
So, this invariant region is located where R is positive. Moreover, if y > %, xo(t) is
increasing and the solution is moving towards the boundary of the invariant region. In
theorem [2.8:4] we proved that the solution either cross the xg-axis or goes to the origin
in finite time. This means that the trajectory has to enter the invariant region {y < %}
in finite time. We then know that if R is negative initially, it will turn positive in finite
time, because the solution has to enter the invariant region. We will also show that R is

strictly increasing when it is negative.

O S CE DL MORPE O

dt z1(t)?\ " 2 2
b o (02000~ @i
- D (0% - %00 )+ 5 (G - o) )i
>~ 2t (P a0 )u)+ 25 (D o i)
=(p% ~ ) (- 2Dy +i0))
We know that
da

D —didy(t) <0

when R < 0, as this inequality is equivalent to y > % via (3.18]). Then, in order to show
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that R(t) is increasing in ¢, we only need to show that

y(t) +y(t) <0.

We have that

A . D
which is negative, as y(t) > 7.

We will now consider the case in which C' = 0. Here, R > 0, when y < 7. By (3.18)),
. doD _dy D D

- — 082 Y 4 —of
PELA T "L dBY T 4B

So, the invariant region in which zo(¢) is decreasing is located where R(t) is positive.
This means that if the scalar curvature is negative initially, then it has to turn positive
in finite time. Moreover, exactly as before, we can show that R(t) is increasing in ¢ when

it is negative.

Case

We will firstly consider the case in which C' > 0. We are considering the case in which
x1(t) is negative and x2(t) is positive. From its expression, we can see that R(t) is positive

if and only if y(¢) < g2. We will show that R(t) is increasing in ¢ when it is negative. In
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fact, R(t) is negative if and only if

d1 d2 d1 2
— +D=y(t)— A=
¢ 5 5 y(t) 2 y(t)” >0,

because z1(t) < 0. Moreover, we have that y(t) is strictly decreasing in t and y(t) < 0.

The evolution equation for R(t) is given by

d @ di | pd a
8 mw) = B0 (o4 py alyer) o
1 da . : |
b o (D200~ i)

By the above discussion, we can easily see that this expression is positive when R(t) < 0.
By the work that we did in section [3.2] we know that the solution stops in finite time
because x2(t) becomes zero, while x;(¢) approaches a negative limit. This means R(t)
has to turn positive in finite time, if it starts negative. To conclude the study of this
case, we will show that positivity of R(t) is preserved, as it is increasing in ¢ even when

it is positive. From (3.21)), as we computed in the previous case,

d do y(t) o1(1)
) > (D%~ tayo) (29— 2 ). (3.22)
As y(t) <0,
D% — dlAy(t) > 0.

(90 - 2800)) = 1 (5 -0 e, (523
which is positive when y(t) < 0. Hence,

(Dd; _ dlAy(t)> < o) ;11<(tt)>2y(t)> >0
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and R(t) is increasing in ¢ and its positivity is preserved.

We will now consider the case in which C' = 0. The scalar curvature is then given by

R = 20 (2 - 4%,

z1(1)

which is positive in the fourth quadrant. So if C' = 0, R(t) is always positive in this case.

Case

Recall that both x1(t) and x2(t) are negative in this case. We will begin with the case
in which C' > 0. From its expression we have that R(t) > 0 if and only if y(t) > 7.
When we were considering case , we proved that % < ¢1. In this case this means that
the region in which R(t) is positive is located where x5(t) is increasing in ¢t. By the work
we did in section [3.2] we know that the region in which #(¢) > 0 is invariant under the
system —. We will study firstly the behaviour of R(¢) in the invariant region,
where x2(t) is increasing in ¢, and then we will consider the case in which #2(t) < 0. We
will show that in this region the scalar curvature is always increasing in ¢t. Using ,
we have that

do

D5 —di1Ay(t) > 0= y(t)

_&D_D
2di A B’
Hence, in the invariant region, D%? —d1 Ay(t) < 0. So, by (3.22)), in order to prove that

R(t) > 0, we only need to show that

By (3.23)), we have that the above inequality is satisfied if and only if y(¢) > %, which is
true in the invariant region. So, R(t) is increasing in ¢. This also implies that positivity
of R(t) is preserved under (3.1)-(3.2)). In section we proved that if the solution enters

the invariant region, then it has to stop in finite time, which is characterised by xo(t)
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becoming zero. This means that, in this region, R(¢) has to turn positive in finite time,
if it was negative initially.

We will now analyse the behaviour of R(#) in the region where x5(t) is decreasing in ¢.
Here we know that the scalar curvature is negative. We have to distinguish the different
cases according to how many roots has. If it has no roots, then by proposition
we know that the solution has to enter the invariant region in finite time. This means
that R(t) has to turn positive in finite time. Suppose now that has one root, say
y. Then by the work we did in section we know that if y(0) < ¢ then the solution
to — is defined for every ¢t > 0 and it approaches g, as t — +o0c. We know that
y < 91, because the line z; = yxo is located in the region where both functions are
decreasing. This means that if y(0) < g, then R(0) < 0 and its negativity is preserved.

The case C' = 0 is similar. Also in this case we have that ¢, > ¢, where ¢ is the
positive root of (3.3). If y(0) < g, then R(0) < 0 and its negativity is preserved for every
t > 0. If y(0) > g, then R(¢) has to turn positive in finite time, if it is was negative

initially. Once it turns positive, its positivity is preserved.

Case

We will now consider the second quadrant, in which z;(¢) is positive and x2(t) is negative.
We will begin by considering the case in which C' > 0. As y(¢) < 0, we have that R(¢) > 0
if and only if y(¢) > y2. Recall that in this case y(t) is always increasing in t. Then,
from together with , we can see that R(t) is always increasing in ¢. This
in particular means that positivity of the scalar curvature is preserved. By proposition
we know that every solution to — which starts in the second quadrant has
to cross the xg-axis in finite time. This means that R(¢) has to turn positive in finite
time, if it starts negative. To conclude, we will consider the case in which C' = 0. Here,
we know that R(t) < 0 if and only if y(¢) < g2, which is always true in the second

quadrant, as y(t) < 0 and g > 0. We then have that R(t) is always negative in the
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second quadrant. Moreover, by proposition we have that the solution to (3.1))-
(3.2) exists for every t > 0 and stays in the second quadrant. Hence, the negativity of

R(t) is preserved.

3.4.2 'When the isotropy group is maximal

We are now considering the case in which (x1(¢),z2(t)) is evolving under the system

(3.11)-(3.12f). When the isotropy group is maximal, the scalar curvature is given by

Aidy 1 doAs 1 dq $2(t) do xl(t)
_ _%p _%p
RO =202 o 10 n0 1 2nnr

where d; and dy are the dimensions of p; and ps, respectively. Let us begin by finding
the regions in which the scalar curvature has a definite sign. We have that R(t) = 0 if

and only if
dl dg CCl(t) B @B xg(t) . @B CEl(t)Q

—A1+—=A =0.
Mty TP T 1 Pz Y
Let y(t) = ﬁ;gg Then R(t) = 0 if and only if y(¢) solves
d d d d
— ZBoy(t)® + Z Agy(t)® + L Ayy(t) — =By = 0. (3.24)
4 2 2 4
Now, as the cubic
=——RB —A —Aiy— —B
a(y) g P2V Ayt Ay = b

intersects the line y = 0 in a negative value and it tends to +o00, as y — —o00, and to —oo,
as y — —+o0o, we have that it has to intersect the y-axis in at least one negative point.
By [49] Theorem 2.2|, we know that there has to exist a region in the first quadrant in
which the scalar curvature is positive, because the homogeneous space G/K admits at
least one invariant Einstein metric. Moreover, by [49, Theorem 2.1], we know that the

scalar curvature cannot be bounded from below. Hence, there has to exists a region in
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the first quadrant in which the scalar curvature is negative. This implies that (3.24]) has
at least one positive root. So the cubic a(y) meets the y-axis in at least two points, one

positive and one negative. We also have that a(y) = 0 if and only if

dy dy . 5 di dy
ZBzy = 51429 EAly‘F ZBl
Let
do
ai(y) = —ZB2Z/3
d d d
az(y) = —52142?;2 - Elz‘hy + ZlBl-

Observe that a1(0) = 0, while ay(0) = %Bl > 0. Moreover, both these two curves tend
to —oo and in such a way that a1(y) < as(y), as y — +oo. As they intersect in one
positive y and a1 (y) < aa(y), as y — +o0o, they have to intersect another time for y > 0.
So they intersect into two positive points. Then, «(y) = 0 has three roots. Two of these
roots have to be positive and the other one has to be negative. We have then proved
that R(¢) = 0 has three roots in terms of y(¢), two of them being positive and one being
negative. Let 41, 2 and g3 denote these three roots. Suppose without loss of generality

that ¢, and gy are positive and that g3 is negative. We can then write R(t) as

R(t) :W (d;Aly(t) + Lyt - 2By - CfBQy(of”)

Ui, with ¢ = 1,2, 3 defines lines through the origin in R?, which separates the regions
in which the scalar curvature is either positive or negative. We have that the following

lemma is true.

Lemma 3.4.1. Ifz1(t), z2(t) > 0, then R(t) is positive in the region where both functions
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are decreasing in t.

Proof of the lemma. From the evolution equation (3.11))-(3.12)), we have that x;(¢) and

x9(t) are both decreasing in ¢ if and only if

B
—Ai+ —= — Ciy(t)? <0,

y(t)

C
—Ag + Bay(t) — 2

We can rewrite the above inequalities as follows.

Ary(t) — By + Ciy(t)® > 0,

Aoy(t)* — Boy(t)®> + Cy > 0.

Then, using (2.28])-(2.29), we have that

dy By = 2d2C3,

doBy = 2d,1CY,

which implies that z1(¢) and x2(t) are both decreasing in t if and only if y(t) satisfies

the system
dy dy do 3
?Aly(t) ?Bl + ZBQZ/(t) >0,
do do

dq
—A 2_2=B 34+2B .
5 2y(t) 5 2y (t)” + L Bi>0

By putting these two inequalities together, we have that y(¢) satisfies the following

inequality:

dy dy da

5 Awy(t) = S Br+ 5 Agy(t)? = ° Bay(1)° > 0,

4

which implies that R(t) has to be positive. O
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This lemma implies that the line 1 = g2 is located in the region where z1(t) is
increasing and zo(t) is decreasing, while the line 1 = g2x5 is located in the region where
x1(t) is decreasing and xo(t) is increasing. We also have that the following corollary is

true.

Corollary 3.4.2. If z1(t),z2(t) < 0, then R(t) is negative in the region where both

functions are decreasing in t.

The following picture illustrates the regions in which R(t) is positive and those in

which it is negative.

X Y=y2
R<0 R<0
y=7s R>0 y=n
R<0
R>0
R<0 T2
R>0
R<0
R>0
R>0

We now have to analyse the behaviour of the scalar curvature in the cases I)-IV).

Case I)

Recall that in this case both z;(t) and z2(t) are positive. Then, R(t) > 0 if and only
if 71 < y(t) < 72, which includes in particular the region in which both functions are
decreasing in t. As the Ricci flow preserves positivity of the scalar curvature, we know
that if R(0) > 0 then R(¢) > 0, for every ¢ such that a solution exists. If the solution has
negative scalar curvature initially, then it means that the initial condition does not lie

in the invariant region. As the solution has to enter the invariant region in finite time,



3.4. The scalar curvature 158

this means that the scalar curvature has to turn positive in finite time, if it was negative

initially.

Cases II)-1V)

Recall that in case II), z1(t) < 0 and z2(t) > 0, while in case IV), z1(t) > 0 and
x2(t) < 0. Moreover, in both cases, both functions are monotonic decreasing in t. In case
IT), R(t) > 0 if and only if y(t) < g3, while in case IV), R(t) > 0 if and only if y(t) > ¥s.
So in both cases, R(t) > 0 if and only if x;(t) < ysza(t). If we compute the vector field

(21(¢), 22(t)) on y(t) = g3, we then have that the region
{(z1,22) € R2]a;1 < ysxg and z129 < 0}

is invariant under the system ([3.11))-(3.12). Hence, the scalar curvature stays positive if
it was positive initially and it has to to become positive in finite time, if it was negative

initially. Moreover, in both cases, as ¢t approaches the final time, R(t) tends to +oco.

Case III)

In this case, both functions are negative. Here, we have that R(t) > 0 if and only if
y(t) < g1 and y(t) > y2. As the lines which correspond to the positive roots of are
located between x1 = y1x2 and x1 = yox2, we have that positivity of the scalar curvature
is preserved under the system —. We now want to study the behaviour of R(t)
according to the number of roots of equation . The roots of this equation define
lines through the origin, which are located in the region where all the functions are
decreasing in ¢t and where the scalar curvature is negative. We will now consider the
case in which equation has exactly two roots, the the other two cases as similar.
Denote these roots by y; and ys and suppose that y; < yo. We then have to distinguish

three different initial conditions, namely
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1) y(0) < y1;
2) y1 < y(0) < yo;
3) y(0) > ya.

As we already know what happens to the scalar curvature when we start the flow in one
of the two invariant regions, we will also suppose that the initial condition always lies in
the region where both z1(¢) and x2(t) are decreasing. In case 1) and 3) above, we have
that the solution has to enter one of the two invariant regions in finite time and stay
there until one of the two functions becomes zero. This means that the scalar curvature
has to turn positive in finite time in these two cases. Moreover, R(t) tends to +oo, as ¢
approaches the final time. In case 2), we proved that the solution exists for every ¢ > 0.
Moreover, because of the uniqueness of the solution, we have that y; < y(t) < ya, for
every t > 0. This then implies that the scalar curvature remains negative for every ¢ > 0.

So, in general, we have that the following proposition is true.

Proposition 3.4.3. Let y; and yo denote the smallest and the biggest roots of (3.15)),

respectively. Then, depending to the initial condition we have that

o Ify(0) < y1 ory(0) > ya, then the scalar curvature has to turn positive in finite

time, if it was negative initially and its positivity is preserved;
o Ify; <y(0) < ya, then the scalar curvature remains negative for every t > 0.

We conclude by mentioning briefly what happens in the case in which has a
different number of roots. If equation has exactly one root g, then, if y(0) # ¥, the
scalar curvature always has to turn positive in finite, if it was negative initially and its
positivity is preserved. Finally, suppose that equation has three roots y1, yo and
y3, with y1 < yo < y3. Then if y; < y(0) < y;41, with ¢ = 1,2, then the scalar curvature

remains negative for every ¢t > 0. Whereas, if y(0) < y1 or y(0) > ys3, then the scalar



3.4. The scalar curvature 160

curvature has to turn positive in finite time, if it was negative initially and its positivity

is always preserved.
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