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Introduction

Since its appearance almost thirty—five years ago, the Ricci flow has given rise to several
beautiful results, among which the wonderful proofs of both Poincaré and Thurston geometriza-
tion conjectures, started by Hamilton in the "80-"90 [49, 52, 54, 55, 57] and substantially completed
by Perelman in 2002-2003 [69, 70, 71]. The central idea of evolving geometric quantities by means
of parabolic PDEs in order to make them “better” can be traced back to Eells and Sampson [36],
who evolved maps between Riemannian manifolds by the so called harmonic map flow, in order
to get extremal points of the energy functional

E(p) = % /N trn (9" g) dun (0.1)

where ¢ : N — M is a smooth map between two Riemannian manifolds (N, h) and (M, g) and
dup, is the canonical volume form of the metric h. The critical points include, as special cases,
geodesics, harmonic maps and minimal submanifolds.

Nowadays, many geometric flows have been studied, most of which deform the metric g of
a Riemannian manifold M by means of a differential operator L(g) depending on the curvature
tensors of the metric. There is also a wide set, constantly growing, of ideas and techniques,
developed for the Ricci flow, that can often be adapted to other geometric flows. We refer for this
subject to the series of books by Chow, Knopf et alt. [25, 26, 27, 29]. In the first chapter of the
present work we recall some of these methods which will be used subsequently.

One of the major benefits in using parabolic PDEs in Riemannian geometry is the possibility
of deforming the metric in a controlled way: this allows to obtain a priori estimates of the solu-
tions and ultimately study their behaviour closer and closer to their maximal time of existence.
When the flow, as it happens for the Ricci flow on three-manifolds, determines and restricts
strongly the geometric nature of the possible limit points, one can classify them and eventually
get informations on the topological and differential structure of the underlying manifold. Re-
garding other flows, when they are studied for the first time, it is costumary to keep in mind the
line of analysis of the Ricci flow as a general guide, while hoping for new features, which would
make the exploration worthwhile.

Some of the geometric flows studied in the literature, as the harmonic map flow, arise natu-
rally as gradient flows of a geometric functional, indeed, they were actually introduced in order
to obtain informations on the critical points of such functionals. In these cases, not only PDEs
techniques are useful, but also variational methods may help in studying the behaviour of solu-
tions. Two well known gradient-like flows are the Yamabe flow (see [10, 75, 81], for instance),
introduced by Hamilton to obtain a constant scalar curvature metric in any given conformal class
of a Riemannian manifold (M, g), and the mean curvature flow (see [35, 63, 80] for instance) of a
compact hypersurface in the Euclidean space. To give an idea on how the variational approach
to geometric flows could be useful, we may recall the first paper by Perelman [69], where the
author proved that the Ricci flow can be regarded as a gradient flow and, by means of a related
monotonicity formula, he was able to show a control of the injectivity radius during the blow—up
procedure, which was one of the major obstacles in Hamilton’s approach to Poincaré conjecture.

The link between geometric analysis and topology, which proved strong and fruitful, is not
the only one. As claimed by Perelman [69, Introduction and Section 1], the idea of a monotone
functional for the Ricci flow was inspired by its connection with the renormalization group (RG)
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INTRODUCTION i

flow for two—-dimensional non linear c—models in Quantum Field Theory (see [4] for a survey on
the connections between the RG—flow and other geometric flows).

This flow arises from the quantization of the classical (harmonic map) action defined by the
functional £ in formula (0.1), when (N, h) is a surface and (M, g) a Riemannian manifold of
dimension n > 3. For physical reasons, the functional is multiplied by 51, where the quantity
a > 0 is the so—called string coupling constant. Since our knowledge of the physical aspects is very
limited, we refer to the lecture notes by Gawedzki [43] for an introduction to the renormalization
group accessible to mathematicians, while the survey [16] offers a mathematical understanding
of how the RG—flow origins from the above action and its interplay with the Ricci flow.

Here we mention only that in the “perturbative regime”, that is when |[Rm|a < 1, namely
the metric g of the target manifold M has “small” curvature compared to the coupling constant,
the functions defining the flow can be expanded in powers of a and their first order truncation
corresponds to (a multiple of) the Ricci flow [39, 40, 61]. It is actually believed that the Ricci flow
provides a good approximation for the full RG—flow. However, since the exact quantization of
non linear c—models has not yet been shown to exist, it is hard to quantify the error between
the first order and the full renormalization group flow, in particular when the Ricci flow devel-
ops singularities. From the physical perspective, there appears relevant to consider also flows
generated by more general actions to avoid such singularities, as in [16, 68].

In the first part of this work, namely Chapter 2, we concentrate on the flow arising from the
second order truncation, that we denote by RG*“~flow or two-loop RG-flow, whose equation
(see [59]) is

Oegir = —2Ryr, — aRijimRistug’ g g™ 0.2)

where the two tensors R;; and R;ji; are respectively the Ricci and the Riemann tensor of the
metric g on a compact manifold M. An immediate motivation for this choice is the fact that,
under the Ricci flow, the norm of the Riemann tensor must blow up at a finite singular time,
therefore higher order terms in the expansion of the RG—flow should become relevant. Moreover,
besides the physical motivations (see [61]), the problem is of mathematical interest of its own: in
a way, this flow is a natural (non linear) generalization of the Ricci flow (recovered as a limit
when the parameter a goes to zero), which has physical meaning and therefore might present
nice properties, such as stability (see [48]). We finally underline that, albeit fully non linear, this
flow involves only a second order operator, while the higher order truncations contain also the
derivatives of the Riemann tensor, making the analysis harder.

The central idea is to find out whether and when the RG*“—flow behaves qualitywise differ-
ently from the Ricci flow. At a first glance, we observe that the quadratic term makes the flow
no more invariant by parabolic rescaling but this feature is not necessarily bad, as it could lead
to new ways to form and resolve singularities (see [45, 67]). In [46], Gimre, Guenther and Isen-
berg focus on particular classes of solutions, beginning with the flow on n-dimensional compact
manifolds with constant sectional curvature, and they observe that in negative curvature, the
asymptotic behaviour of the flow depends on the value of the coupling constant a and of the
sectional curvature and that, unlike the Ricci flow, a manifold with very negative sectional cur-
vature, namely K < —2, will collapse to a point in finite time. In the same paper, the authors also
focus on three-dimensional locally homogeneous spaces, where the strong assumptions on the
geometry of the initial metric allow to reduce the tensorial PDE to a system of ODEs; in some of
these cases the Ricci flow and the RG*“~flow show radically different solutions.

In [67], Oliynyk studies the behaviour of the two-loop RG—flow on a compact Riemannian
surface, proving that a short time solution exists if the Gauss curvature of the initial metric satis-
fies a suitable condition. Given these results, in the first part of our study, we are going to focus
on the general short time existence of solutions to the RG*“—flow in dimension at least three,
showing the following theorem.

THEOREM . [31] Let (M, go) be a compact, smooth, three—dimensional Riemannian manifold and
a € R. Assume that the sectional curvature K of the initial metric g satisfies

1+ 2aKo(X,Y) > 0 0.3)
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for every point p € M and vectors X,Y € T,M. Then, there exists a unique smooth solution g(t) of
equation (0.2) with g(0) = go, for t € [0, T).

Unlike the Ricci flow, the RG—flow is not weakly parabolic for any initial metric gy (and cou-
pling costant a), while, if condition (0.3) is satisfied, the degeneracies are only due to the diffeo-
morphism invariance of the curvature tensors (see [49] and Lemma 1.3.1) and can be faced with
DeTurck’s trick (Section 1.3), leading to existence and uniqueness of a short time solution. More-
over, we remark that our result was extended using the same method to the n-dimensional case
by Gimre, Guenther and Isenberg in [47].

A detailed survey on past results and open problems can be found in [45]: in Section 2.2 we
address one of these problems, by computing the evolution equations, in the three-dimensional
setting, of (minus) the Einstein tensor, whose eigenvalues are the sectional curvatures, in order to
see if the parabolicity condition is preserved for some classes of initial data. Unfortunately (see
Remark 2.2.2), up to now, such investigation has not given useful informations in this direction.

The second flow studied in this thesis was first suggested by Bourguignon in [9, Ques-
tion 3.24], inspired by some unpublished work of Lichnerowicz in the sixties and the paper of
Aubin [2]. The evolution equation of the Ricci-Bourguignon (RB) flow is the following

ag = —Q(Ricg - pRgg) , (0.4)
where p is a real constant, Ric and R are respectively the Ricci tensor and the scalar curvature of
the metric g on a smooth compact manifold M of dimension 7.

Going back to Hamilton’s first idea, we consider the Einstein-Hilbert functional [5, Sec-
tion 4.C], that is, the integral of the scalar curvature

EH(g) = /M Ry dpig -

It is well known (see for instance [5, Proposition 4.17]) that the Euler-Lagrange equation of this
functional is

1
Eq = Ric, — 3Ry =0,

where E, is called Einstein tensor of the metric g, and the gradient flow associated to this equation
behaves badly from a PDEs point of view; therefore a solution for a general initial metric go on
the manifold M cannot be expected. In [49], Hamilton modified the above equation simply by
dropping the scalar curvature term, obtaining the Ricci flow 2.9 = —2Ric,. The motivation for
this choice becomes clear if we consider the expression of the Ricci tensor in harmonic coordinates
around a point p of the manifold M (see again [5, Section 5.E]), that is,

1
Ric;; = _iA(gij) + LOT,

where A(g;;) is the coordinate Laplacian operator (not the metric Laplacian) of the function g;;
and LOT stands for lower order terms. Hence, the Ricci flow equation can be regarded as a heat
type equation that will eventually “improve” the initial metric.

Another possibility is to substitute the constant 1/2 before the conformal term R,g with a
generic real constant and this choice gives origin to the (p—dependent) family of RB-flows of
equation (0.4) suggested by Bourguignon. Besides the Ricci flow, which corresponds to the value
p = 0, there are some other notable flows when the right hand side of equation (0.4) corresponds,
for instance, to the Einstein tensor (p = 1/2), to the traceless Ricci tensor (p = 1/n) or to the
Schouten tensor (p = 1/2(n — 1)). Moreover, this family of geometric flows can be seen as an
interpolation between the Ricci flow and the Yamabe flow, obtained as a limit when p — —oo.
We do not address this last aspect in the thesis, focusing instead on the basic features of the Ricci—
Bourguignon flow, but, for future investigations, it might be interesting to merge some methods
proper of the Yamabe flow into the corpus of the Ricci flow techniques and check whether and
when the RB—flow is more similar to one or the other “extremal” flows.
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In Chapter 3 we begin to study the RB—flow and analyse its general properties: we mention
that all the results of this chapter can be found in the paper [18], written by the author with
Catino, Djadli, Mantegazza and Mazzieri.

The first question we answer is the short time existence of solutions, stated in the following
theorem.

THEOREM (Theorem 2.1, [18]). Let p < 1/2(n — 1). Then, the evolution equation (3.1) admits
a unique solution for a short time for any initial smooth, n—dimensional, compact Riemannian manifold

(M’ gO)'

As we did for the renormalization group flow, we prove the theorem by relating the RB-
flow, which is degenerate parabolic because of the diffeomorphism invariance (see [49] and
Lemma 1.3.1), to its non degenerate version, namely the DeTurck-Ricci-Bourguignon flow and
proving that this latter admits a short time solution if p < 1/2(n — 1). When p > 1/2(n — 1), the
principal symbol of the operator involved has one negative eigenvalue, then the general theory
does not guarantee the existence of a short time solution for every initial metric go. The “border-
line” case of the Schouten flow, corresponding to p = 1/2(n — 1), presents instead only an extra
null eigenvalue, besides the ones due to diffeomorphism invariance, and it is currently unknown
whether this flow has or not a short time solution for any initial metric. Recently Delay [32] gave
some evidence that DeTurck’s trick might fail for the Schouten tensor.

The second natural step is looking at what happens to the geometry of the manifold during
the flow, hence we compute the evolution equations for the Riemann tensor, the Ricci tensor and
the scalar curvature and we find out that, for p < 1/2(n — 1), they all satisfy a reaction—diffusion
equation during the RB—flow. This generalizes the analogous fact for the Ricci flow and enables us
to find geometric conditions which are preserved, although, for p # 0, the differential operators
involved are more non linear than the (time-dependent) metric Laplacian A,;). In Section 1.5
we provide the natural extension of Hamilton’s maximum principle for tensors to this class of
elliptic operators and in Section 3.3 we prove the following result, analogous to [49, Corollary 7.6
and Lemma 11.11] and [50, Theorem 8.3].

THEOREM (Propositions 4.1, 4.10, [18]). Let (M, g(t)):efo,) be a maximal solution of the RB—
flow (0.4) and p < m
The minimum of the scalar curvature is non decreasing along the flow. In particular if R4y > o for some
a € R, then Ry() > a for every t € [0,T). Moreover if a > 0 then T' < 5=t
Finally, if the curvature operator Ry (o) of the initial metric is non negative, it remains so during the flow.

Moreover, by means of the strong maximum principle for functions, we prove (Proposi-
tion 3.3.4) that any ancient solution to the RB—flow with p < 1/2(n — 1) either it is Ricci—flat
or it has positive scalar curvature.

So far, these are the only conditions preserved in general dimension » and, as for the Ricci
flow, the main obstacle is the complexity of the 0-order term in the evolution equations of the
curvature tensors. In the last ten years, a work by Bohm and Wilking [7] has shown how to ex-
ploit the algebraic structure of the space of curvature operators to find new preserved conditions
from the old ones. Moreover, in their proof of the 1-pinched differentiable sphere theorem [13],
Brendle and Schoen exhibited a new preserved condition in general dimension n > 4, namely
the non negative isotropic curvature, which was already known to be preserved in dimension 4 by
Hamilton [56] (see also the PhD thesis of Nguyen [65, 66]). A recent survey on this set of ideas
may be found in [76]. Therefore, we hope that future investigations could lead to other preserved
conditions peculiar to the Ricci-Bourguignon flow.

In the second part of Chapter 3, we focus on the long time behaviour of solutions. Another
feature that the Ricci-Bourguignon flow shares with the Ricci flow is a smoothing property, that
allows, given a uniform bound on the norm of the Riemann tensor on M x [0, T'), to obtain a priori
estimates on the covariant derivatives of the Riemann tensor for any time ¢ > 0. The difference
in the operator involved in the evolution equation plays here a significant role; indeed, we are
unable to directly estimate the pointwise norm of the covariant derivatives V*Rm, but we have to
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look for integral bounds. Nonetheless, we are able to prove the following “Bando-Bernstein-Shi”
type of global estimates.

THEOREM (Theorem 5.6, [18]). Assume p < ﬁ If g(t) is a compact solution of the RB—flow

fort € [0,T) such that
sup  [Rmy ()] < K,
(z,t)eM x[0,T)

then for all k € N there exists a constant C(n, p, k, K, T) such that for all t € (0, T
C
IV¥Rmgp) |13 < & sup [[Rmge 3
1% tejo,T)

Then, following Hamilton [49, Sections 12-14], we prove some general interpolation inequal-
ities for tensors in Section 1.6 and show that a compact solution of the RB—flow existing up to a
finite maximal time 7" must have unbounded Riemann tensor when approaching 7'.

THEOREM (Theorem 5.7, [18]). Assume p < m. If g(t) is a compact solution of the RB—flow

on a maximal time interval [0,T), T < +oo, then
lim sup max [Rmg ;)| = +oo.
t—=T M

We point out here that, since the square norm of the Riemann tensor does not satisfy a heat
type equation as it happens for the Ricci flow (see [30, Lemma 6.1 and Remark 6.4]), we are
currently not able to argue that the lim sup in the previous theorem is actually a limit, nor to give
a lower bound on the maximal time 7" based on the curvature of the initial metric go.

We have been led to the study of the Ricci-Bourguignon flow by a paper of Catino and Mazz-
ieri, who, in [21] and [22] (with Mongodi), before our work studied the self-similar solutions of
this flow, called p—Einstein solitons of gradient type, which are Riemannian manifolds (M, g) that
satisfy

Ric, + V2f = pR,g + A\g, (0.5)

where A is a real constant and f is a smooth function on M called potential. These metrics are
the generalized fixed points of the RB-flow, modulo the action of the diffeomorphism group and
scaling (see Theorem 3.5.3). In Section 3.5 we give an overview of the results in [21, 22], as the
two points of view, the static one, expressed by the above equation, and the dynamic one, by
looking at their motion under the RB—flow, are strictly intertwined.
Some results, already known for the Ricci gradient solitons (i.e. p = 0), are extended to other
values of the parameter p. For example, by means of the strong maximum principle, Catino and
Mazzieri in [21] prove that, for p < 1/2(n — 1), any steady (A = 0) or expanding (A < 0) com-
pact gradient soliton is actually an Einstein manifold, that is, the Ricci tensor of the metric g is a
(constant) multiple of the metric itself, while in the shrinking case (A > 0) the metric g must have
positive scalar curvature (see [21, Theorem 3.1], also recalled in this thesis as Theorem 3.5.8, for
the complete triviality result). Moreover, the authors prove that any gradient p—Einstein soliton
for p # 0, has a property, namely the rectifiability (see Definition 3.5.5), which implies strong con-
straints on the allowed geometric structures, leading for instance to a rigidity result for complete
non compact shrinking solitons proven in [22] (Theorem 3.5.12 of this thesis).

As for the Ricci flow, the evolution equations of the Riemann and the Ricci tensor are quite
involved in general dimension n, thus making hard to understand which geometric properties
are preserved under the flow. Following again Hamilton’s seminal paper [49], in Chapter 4 we
restrict our analysis to the three-dimensional case, where such equations simplify considerably.
First of all, we specialise the evolution equation of the Ricci tensor along the flow:

9
&Ricg = ARic, — p(V?R + AR,9) (0.6)

— 6Ric] + 3RyRic, + (2[Ricy|* — R2)g,
where Ricfj = Ric;iRicy; g*!. We observe that the 0—order term is p-independent, i.e. it is the same
given by the Ricci flow, therefore it is not surprising that the RB—flow, provided the differential
operator involved in equation (0.6) is still elliptic, preserves the same conditions of the Ricci flow.
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THEOREM (Proposition 4.14, [18]). Let (M, g(t))ic(o,) be a solution of the RB—flow (3.1) on a
compact three—manifold. Then, if p < 1/4,

(i) non negative Ricci curvature is preserved along the flow;
(ii) non negative sectional curvature is preserved along the flow;
(iii) the pinching inequality Ricy > eRgg is preserved along the flow for any ¢ < 1/3.

Another remarkable property of the three-dimensional Ricci flow is the Hamilton-Ivey esti-
mate [55, 58], which ultimately implies that ancient solutions of the Ricci flow have non negative
sectional curvature. The strategy here is to look at the system of ODEs satisfied by the sectional
curvatures, properly modified by means of Uhlenbeck’s trick, introduced by Hamilton in [50]
and recalled in Section 1.4.

THEOREM (Hamilton-Ivey estimate, [18]). Let (M, g(t)) be a solution of the Ricci-Bourguignon
on a compact three-manifold such that the initial metric satisfies the normalizing assumption minye ar vp(0) >
—1. If p € [0,1/6]), then at any point (p,t) where v, (t) < 0 the scalar curvature satisfies

Ry > |v|(log(|v]) + log(1 + 2(1 — 6p)t) — 3).

Moreover, with a similar computation, we are able to enlarge the range of the parameter p up
to 1/4 for compact ancient solutions of the RB-flow (Proposition 4.1.7).

Finally, in dimension three, the rectifiability property of p-Einstein gradient solitons has
stronger consequences (see again [21, 22]) which we review in Section 4.2.

In light of all the previous results, at the end of Section 4.2, we discuss some conjectures which
we intend to investigate in the future.

In the second part of Chapter 4, we study the evolution of a compact three-manifold whose
initial metric has positive Ricci tensor and we prove that, in analogy with Hamilton’s result for
the Ricci flow, the RB—flow “pinches” the Ricci tensor towards a multiple of the metric whenever
the scalar curvature blows up (see Proposition 4.3.1). Moreover, we prove that, since the maximal
time of existence is finite by Proposition 3.3.1, the scalar curvature actually blows up somewhere
fort — T (see Lemma 4.3.2). Given these facts, an estimate for the gradient of the scalar curvature
is a key step in the proof of Hamilton’s sphere theorem [49, Theorem 1.1], as it leads to a control of
the ratio between the minimum and the maximum of the scalar curvature when ¢t — T, proving
that the scalar curvature is blowing up at the same rate everywhere. At the present time we are
able to prove only an integral version of such gradient estimate (Proposition 4.3.9), which does
not seem sufficient to conclude, therefore we have to assume such control by hypothesis to prove
a weaker version of Hamilton’s theorem for the Ricci-Bourguignon flow.

THEOREM. Let p < 1/4and (M, g(t)),t € [0,T), be the maximal solution of the Ricci—Bourguignon

flow with initial metric gy on the compact 3—manifold M. Suppose that go has positive Ricci curvature
and there holds .
minpen Rowy _ 5 . 0.7)
t—=T MmaXpe M Rg(t)
Then there exist
- asequencet; /T,
- a sequence (p;) C M,
such that the new Ricci—Bourguignon flows g;(t) defined for t < 0 by
gi(t) = Rg(ti)(pi)g(ti + Rg(tf)(pi)) ;
satisfy
(M, gi(t),pi) = (M, (¢ = t)goo, D)
on the time interval (—oo, 0], for some ¢ > 0, where p € M and the metric g on M has constant positive
sectional curvature. Hence (M, g, ) is isometric to a quotient of the round sphere S3.

Since our research on both the RG and the RB-flows is far from being complete, we devote the
last chapter to review open problems and discuss some future lines of investigation. In particular,
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in Section 5.2.1, we focus on the research of Perelman—type monotonicity formulas [69, Section 1-
3], in view of their many applications to singularity analysis. At the moment we are not able
to prove that the natural analogues of Perelman F and W functionals are monotone during the
Ricci-Bourguignon flow, while we have some partial results on “modified” functionals, inspired
by the paper of Li [60] for the Ricci flow. In particular, we prove the following theorem.

THEOREM . Suppose (M, g(t)) is a compact solution of the Ricci—Bourguignon flow on [0,T) for
p < 0. If g(0) has non negative scalar curvature, then there exist a constant C = C(p,n), such that the
functional Fe : T'(S2M) x C°(M) — R defined by

Felo.f) = [ (CRy+191P)e duy.
is non decreasing along the coupled Ricci—Bourguignon flow

{ %g = —2(Ricy — pRyg)
5if =—Af = (L—np)Ry + [V []?
Moreover the monotonicity is strict unless the solution is a trivial Ricci—flat soliton.

For this purpose, in analogy with the Ricci flow, we hope in the future to be able to find mono-
tone quantities along the RB-flow such that the p-Einstein solitons solve their Euler-Lagrange
equations, thus linking the solitons with the singularity models arising from the blow-up pro-
cedure. Moreover, we are also looking for a monotonicity formula which allows a control on
the injectivity radius during the blow—up procedure, as in Perelman no local collapsing theorem
(see [69, Section 4]). This would imply the possibility to remove, for instance, hypothesis (0.7)
and still get the convergence of the rescaled metrics in the three-dimensional Ricci positive case.



CHAPTER 1

Technical tools

In this chapter we recall some technical tools we are going to need in studying both the renor-
malization group flow and the Ricci-Bourguignon flow. In particular in the first section we fix the
conventions on the Levi-Civita connection on a Riemannian manifold and the related curvature
tensors.

Section 1.2 is devoted to non linear parabolic theory on manifolds: we give the basic definitions
of linearized operator and principal symbol of a differential operator, together with a sufficient
condition to get the short time existence of a smooth solution to the associated Cauchy problem.
Since both flows involve geometric operators, i.e., they are defined in terms of the curvature ten-
sors, there are always some degeneracies in the problem that prevent the direct application of
standard theory. Therefore, in Section 1.3 we explain the so called DeTurck’s trick, a method that
allows to overcome such degeneracies and obtain existence an uniqueness of a short time solu-
tion.

In Section 1.4 we explain in detail how to simplify the evolution equations of the curvature ten-
sors along a geometric flow. In Section 1.5 we adapt the maximum principle by Hamilton when
the operator involved is no more the rough Laplacian, but a general quasilinear operator with
non linearities only in the 0-th order terms.

Finally, in Section 1.6 we prove some interpolation inequalities, useful to get a priori estimates on
the norm of the Riemann tensor during a geometric flow.

1.1. Notations and conventions

We fix first the conventions that, unless otherwise stated, we shall adopt throughout the the-
sis.
The pair (M, g) is the datum of an n—dimensional smooth manifold M, which we always assume
compact, that is closed without boundary, and a smooth Riemannian metric g on M. We denote
by dpg the canonical volume measure associated to the metric g and by V the Levi-Civita con-
nection of the metric g, that is the unique torsion—free connection compatible with g.
The curvature tensor of (M, g, V) is defined, as in [42], by

Rm(X, Y)Z =VyVxZ -VxVyvZ+ V[X’y]Z,
while the associated (4, 0)-tensor is defined by Rm(X,Y, Z,T) = g(Rm(X,Y)Z,T). In a local
coordinate system, we have
9 i) 0 i)
Oz'’ 9z ) dzk’ dxt)
The Ricci tensor is then obtained by tracing Rz = gleijkl and R = ¢**R;;, denotes the scalar

curvature.
The sectional curvature of a plane m C T, M spanned by a pair of vectors X,Y € T,,M is defined as

Rm(X,Y, X,Y)
g(Xv X)g(Yv Y) - g(X7Y)2‘

Rijui=g (Rm(

K(r) =K(X,Y) =
With this choice, for the sphere S” we have Rm (v, w, v, w) = RijpviwivFw! > 0.
The curvature operator R € End(A*(TM)) is defined by
(RIXAY),WAZ) =Rm(X,Y,W, Z), 1.1)

1



1.2. NON LINEAR PARABOLIC OPERATORS 2

where () is the linear extension of g to the exterior powers of TM.

The so called Weyl tensor is defined by the following decomposition formula (see [42, Chapter 3,

Section K]) in dimension n > 3,
Wijki = Rijm +

R 1
m(g B 9)ijki — m(Ric B 9)ijki ; (1.2)

where @ is the Kulkarni-Nomizu product, defined by

(P ® @)ijkt = PikQjt + Pjidik — Pitqjk — Pjkdit -
The tensor W satisfies all the symmetries of the curvature tensor and all its traces with the metric
are zero, as it can be easily seen by the above formula.
In dimension three W is identically zero for every Riemannian manifold (M3, g), it becomes
relevant instead when n > 4 since its nullity is a condition equivalent for (M, g) to be locally
conformally flat, that is, around every point p € M there is a conformal deformation g;; = e/ g;; of
the original metric g, such that the new metric is flat, namely, the Riemann tensor associated to g
is zero in Uj, (here f : U, — R is a smooth function defined in a open neighborhood U, of p).

1.2. Non linear parabolic operators

The first question that we need to address in analysing a geometric flow is whether the flow
actually exists, i.e. if there is a short time solution (unique? regular?) to its evolution equation.
For this purpose the basic tool is the non linear PDEs theory for vector bundles, as the objects
evolving are typically Riemannian metrics on a smooth manifold and their associated curvature
tensors.

In this section we define the principal symbol of an operator, which is used to classify the type of
a differential equation, paying attention to the elliptic and parabolic cases.

Let E and F be two vector bundles on the manifold M and let I'(E') and I'(F) be the vector spaces
of the smooth sections.

DEFINITION 1.2.1. Alinear map L : I'(E) — I'(F) is a linear differential operator of order k if for

every u € I'(E)
L(u) = Z LY(Dyu),
o <k

where « is a multiindex, D is a connection on the bundle E and L“ € Hom(E, F). Moreover,
L is also tensorial with respect to the index «, that is, for every |a| = s, there exists a tensor
L* € T((TM)* ® Hom(E, F)) such that L* are its components in local coordinates (z*) around
pe M.

REMARK 1.2.2. In the present context the connection D will always be the Levi-Civita con-
nection associated to the (evolving) metric g extended to bundles of tensors; when we will state
the maximum principles for parabolic operators the connection will be a different one. When we
write the expression of a differential operator with respect to local frames of the bundles we use
instead the ordinary derivation of the components, which is the common part in every connection
and determines the order of the differential operator.

For example, if (1;);=1,....m is a local frame for E around p € M, a second order linear differ-
ential operator L : I'(E) — I'(E) can be expressed locally as

Liu'm) = ((@)03u* + )0 + cf )
where a € T'(S%(TM)) ® Hom(E,E)),b e I'(TM @ Hom(E, E)) and ¢ € T'(Hom(E, E)).
DEFINITION 1.2.3. Given § € T, M the principal symbol of L in the direction ¢ is given by
oe(L)= > L%
|| =k

where we have omitted the point dependence, &; are the components of ¢ in the basis dz" of Ty M
and o = [];&a;. As L are tensorial, the definition of the symbol is independent by the choice
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of the coordinates and when ¢ is a section of the cotangent bundle, the pointwise expression
above defines a section of Hom(E, F') (for a free-coordinates definition of the symbol, see for
instance [77]).

The principal symbol satisfies some simple but useful algebraic properties
0e(P + Q) = 0e(P) +06(Q); 0e(P-Q) = 0e(P)oc(Q); 0¢(Qo P) = 0¢(Q) 0 0¢(P);
where in the first two cases P, Q : T'(E) — I'(F), while in the latter case @ : T'(F') — I'(G).
DEFINITION 1.2.4. We say that a linear differential operator L of order k is ellipticin p € M if
for every £ € Ty M o¢(L) is positive definite. This condition implies that £ and F have the same

rank so we identify the two vector bundles. Moreover we say that L is uniformly strongly elliptic
if there exists ¢ > 0 such that for every u € I'(E), for every £ € I'(T* M)

(oe(Lyu,u) > 81| [ul?, (1.3)

where (,) is a metric on the bundle E (see [3, 44]). This condition is equivalent to having all the
eigenvalues of o¢(L) with uniformly (with respect to p € M) positive real parts and it implies
that & is even. Finally we say that L is weakly elliptic if the above condition holds with ¢ = 0.

If L is a non linear differential operator of order k that we can write as
L(u) = F(u, Du, ..., D"u),
where F'is a smooth function in its arguments, we define the linearization of L at uy € I'(E) as the

differential operator DL,,, : I'(E) — I'(F') given by

d
DL, (v) = aF(uo + tv, D(ug + tv), ..., D (ug + tv))

By applying the chain rule, we can see that

=0

oF
DLy, (v) = Z m(uo,Dum-~~aDkU0)DaU,
la| <k @

hence the linearization of L at uy is a linear differential operator whose coefficients depend on u.
We say that L is (uniformly, strongly) elliptic if its linearization at any g is (uniformly, strongly)
elliptic.

The principal symbol encodes the analytic properties of L that depend only on its highest deriva-
tives, such as the existence and regularity of solutions to the equation Lu = f and to the evolution
problem associated.

The evolution equations systems we are dealing with in this thesis are of the form

(9t9 =Lg
{ 9(0) = go (14)

where L is a (possibly) time-dependent differential operator involving the curvature tensors. If
L is strongly elliptic (uniformly in space and time), then the PDE is strictly parabolic and the initial
value problem (1.4) admits a unique short time solution by standard theory of partial differential
equations (see [3, 41, 44, 64]).

As a major example we can consider the operator which associates to any metric g on M its Ricci
curvature tensor Ric, and the well-known Ricci flow introduced by Hamilton in [49]. In such
paper Hamilton showed that the Ricci flow is not strictly parabolic, but this bad feature comes
only from the diffeomorphism invariance of the Ricci tensor

Yo e Dif f(M) ©*(Ricg) = Ricy-g.
Hamilton proved the short time existence for the flow using the Nash—-Moser implicit function
theorem. Shortly afterwards, DeTurck in [33] found a simpler way to get the short time existence
and uniqueness, by defining a stricly parabolic flow and showing that it is equivalent to the orig-
inal Ricci flow. In the following years, many authors, including DeTurck [34] and Hamilton [55],
have reformulated the original idea, in an attempt at explaining the deeper meaning of what
sometimes appears as a piece of magic.
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1.3. DeTurck’s trick

In DeTurck'’s first paper [33], the original diffeomorphism invariant flow (the 3-dimensional
Ricci flow) is modified via a proper vector field that depends on another flow and the coupled
evolution equations become a strictly parabolic flow equivalent to the initial one. However, in
greater dimension, other equations are necessary and the proof is more complicated. In the fol-
lowing, we present an approach of Hamilton [55] which uses DeTurck’s vector field to modify
the original flow and get the short time existence, while for the uniqueness part exploits the har-
monic map flow (see also [29] for details). This argument is necessary and sufficient every time
the involved differential operator is diffeomorphism invariant but has no other degeneracies.

LEMMA 1.3.1. Let L : T'(S?M) — T'(S2M) be a geometric differential operator, that is for every
smooth diffeomorphism 1 : M — M satisfying L(y*g) = ¢*(Lg). Then the principal symbol of DL,
has a kernel which is at least n—dimensional. In particular, we have that

Im(a¢(0y)) € Ker(og(DLy)), (1.5)
where 8% : D(T*M) — I'(S2M) is the L*~adjoint of the divergence operator

(5;(a))lj - %(Viaj + Vjai).

PROOF. Given a vector field V' € T'(T'M), we will denote the Lie derivative along V' with .%3.

Let a be a 1-form, o the vector field associated via the metric g and (t) the 1-parameter group of

diffeomorphism generated by of. Then, by deriving at ¢ = 0 the equation L(¢(t)*g) = ¢(t)*(Lg)
we get

DLy(Zyr9) = £, (Lg) (1.6)

It is a simple computation that .Z,:g = J; («). As a differential operator on the 1-form «, the left
member of the equation above is of order k + 1, where k is the order of L, while the right member
is of order 1. Hence, the principal symbol (of order k + 1) of the left member must be zero:

0=0¢(DLg o dy)(a) = o¢(DLy) 0 0¢(5,) (). (1.7)
Since the above equation holds for every a € I'(T™* M), this proves the lemma. O

REMARK 1.3.2. As observed by Hamilton, the degeneracy of the Ricci flow comes essentially
from the contracted second Bianchi identity, which is a consequence of the diffeomorphism in-
variance of the Ricci tensor. There are several books in which one can find a detailed discussion
on this topic, such as [1, 5, 29]. In particular, in [1] one can find the derivation of the first and the
second Bianchi identities from the diffeomorphism invariance of the Riemann tensor. For a gen-
eral geometric operator the computation above could lead to an equality which is a combination
of the Bianchi identities, as in the case of the cross curvature flow (see [28, 25, Appendix B.3]).

Before we focus on DeTurck’s trick, we compute two identities on time-dependent vector
fields, tensors and generated diffeomorphisms, which will come in handy several times through-
out this work.

LEMMA 1.3.3. The following facts hold true.

(i) Let V (t) be a smooth time—dependent vector field and A(t) a smooth time—dependent covariant

tensor. Then,

L 0:AW) = 07 (5 A0) + Ly AD)

where 6, is the 1-parameter family of diffeomorphisms generated by the vector field V (t).

(ii) Let now V be a smooth vector field, A a smooth covariant 2—tensor and ¢ a smooth diffeomor-
phism. Then,

P (LvA) = ‘g@:lv)@’*/‘) :
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PROOF. The relation at point (i) comes from the following straightforward computation.

o . . 0F L Alto + h) = 0f A(to)
g O AD)] _, = limy h
o G Ao+ ) = 85 Alt) + 6, Alto) = 7, Alt)
h—0 h
- Aty + h) — A(to) 07 (Brogn 0 0;,1)" Alto) — 07 A(to)
- (MDA h

(9
— eto (5‘t (t)’t— ) +0; (XV(tO)A(tO)) .
About point (i), let ¢; be the 1-parameter family of diffeomorphisms generated by V and p € M.
Then,
o, _ v )
507 0000 = 07 (5:0:0) = 67 (Vo)1) = (67 V) 100,

therefore, ’(/Jt ¢~ 100, is the 1-parameter family of diffeomorphisms generated by ¢, 'V. Hence,
the second equation comes from the following computation.

(Or4n 00 0 ) A— ¢ A

* gk . (9t+h09;1)*A_A 1
o (L A) =0 (Jimy e ;
o @0 %en oUT ) A=A (ren oy ) 6TA— 67 A
h—0 h h—0 h
=Ly (07A4).

O

In the following lemma, DeTurck’s vector field is defined and its basic properties are proved
in order to get existence and uniqueness.

LEMMA 1.34. Let V : T'(S2M) — T'(T M) be DeTurck’s vector field, that is defined by
) 1
Vi(g) = —g3" 9"V ( tr4(90) gk — (gO)qk) = *596’6 P (Vk(90)pg — Vp(90) gk — V(go)pr) » (1.8)

where g is a Riemannian metric on M and gék is the inverse matrix of go.
The following facts hold true.
(i) The linearization in gy of the Lie derivative in the direction V is given by

1
(DLy) gy (R)ik = 5g€qv?{V2hpq — Vphg, — Vohpr}
BIVR{VIhyg — VOhgi — Vohy} + LOT,

where V° is the Levi—Civita connection of the metric go and LOT stands for lower order terms.

Hence, its principal symbol in the direction &, with respect to an orthonormal basis { (£ )", €2,...y€n},
is
-1 1 1
0 O 0
) 0 0
0 0 ... 0
oc((DLy)g,) = ; (1.9)
: % 0 —Id(n, 1) 0
0 0 0

expressed in the coordinates
(hlla h227 sy hnna h127 h’13a R h’l’n,; h237 h247 sy hn—l,n)
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ofany h € S*M.
(i) Ifp: (M,g) — (M, go) is a diffeomorphism, then V ((¢=1)*g) = Ay 4., where the harmonic
map Laplacian with respect to g and gq is defined by
Ag g0t = trg(V(es))
with V the connection defined on T* M ® ¢*T'M using the Levi—Civita connections of g and go
(see [29, Chapter 3, Section 4] for more details).

PROOF. About point (i), from the variation formula of the Levi-Civita connection (see [5,
Theorem 1.174] or [77]), it follows

1
DVgo(h)] = §gékggq{V2hpq - Vghqk - Vghpk} +LOT,

where VY is the Levi-Civita connection of go. By the well-known formula (4/g)ix = V;Vi +
V.. V;, we obtain

1 1
(Df\/)go(h)ik - iggqv?{Vthq - vghqk - Vghpk} + §gngg{v?hpq - Vghqi - vghpi} +LOT,

hence, the principal symbol of the operator (D% ), is given by

1 1
oe((DLv)go)(h)ir = §{figgq(§khpq — &phar — &qhpr)} + §{§k95q(§ihm — &phgi — Eghypi) }
= &ilktrgy(h) — &P hpk — k€ hpi -
Then, with respect to an orthonormal basis {(£)’, ez, . . . , €, }, the matrix representing the principal

symbol of the operator (D% ),, is the one of the statement.
About point (i), let (z*) and (y*) be coordinates respectively around p € (M,g) and ¢(p) €
(M, go). Then the tangent map ¢, € I'(T*M ® ¢*T M) has local expression ¢, = %‘ij dz' ® 88?.
By using the canonical extension of the two Levi—Civita connection associated to g and g to the
above bundle and tracing with respect to g we obtain the local expression of (A 4,¢) € T'(¢*T' M)
TN 0" of* of”
Y(p) = ¢¥ S k - B
(By.009)(0) = 97 0) (5,757 1) = Hor DT 0) + 57 5T (00) s 0(0)))
When ¢ is a diffeomorphism, the relation between the Christoffel symbols of the two metrics g
and (¢~')*g is a straightforward computation from the Koszul formula
9p7 k P af~of° -1
—1'(9)i:(p) = z—=— - —1T *q))
Dk (9)i;(p) B 0a] (p) + o0 Dy ((¢7)*9)05(e(P),

hence the local expression of the harmonic map Laplacian of a diffeomorphism can be rewritten
as

g0 0f” -1

V(p) = gid _ * )7 gl

(B000) () =97 (0) 55 507 (= T 0)a0(p)) + T(00) 25 0(0)) )

= (79 (=T ™) 9)2s + T(90)2) (9(0))

To finish the proof it is sufficient to consider a coordinates system y* around ¢(p) such that the
Christoffel symbols of (¢~ !)*g are null. Then
1

V(e H*g) = —5935(@71)*9)0‘6 (95(90)as — Oalgo)ss — 03(go)as)

= ((¢™)" 9™ T(g0)5 = (¢ 9) (=T~ )L + Tl0)2)

As the difference between two Christoffel symbols is C°° (M )-linear, the last expression is inde-
pendent of the choice of coordinates. O

The existence part of DeTurck’s trick does not work only with the original vector field pro-
posed by DeTurck; any vector field that breaks the diffeomorphism invariance and other degen-
eracies does the trick: see [8] for an example involving fourth order geometric flows.
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PROPOSITION 1.3.5 (DeTurck’s Trick: existence [33, 34]). Let (M, go) be a compact Riemannian
manifold.
Let L : T(S?M) — T(S?M) and V : T'(S*M) — T(TM) be differential operators such that L is
geometric. If the linearized operator D(L — &), is uniformly strongly elliptic, then the problem (1.4)
admits a smooth solution on an open interval [0,T), for some T' > 0, for some T > 0, given by g(t) =
@7 g(t), where g(t) is the unique smooth maximal solution of

a ~ ~ ~
09 = L9~ @9 1.10
L5 (110
and ¢, is the smooth 1-parameter family of diffeomorphisms generated by the vector field V (g(t)).

PROOF. As the linearized operator D(L —_.%y/) , is uniformly strongly elliptic, problem (1.10)
admits a unique smooth maximal solution g(¢) in an open interval [0, T), for some T" > 0 (see the
previous section or [3], for instance). Then, the metric g(t) = ¢;g(t) clearly satisfies g(0) = go and

0 0~ [ - ~ ~
S at) = - (673(0) = 61 (5:500) + Lyya(0)) = 65 (L3(0) = L(55(0) = Lg(t),
by point (i) of Lemma 1.3.3. O

PROPOSITION 1.3.6 (Ad hoc Uniqueness for DeTurck’s vector field). Under the hypothesis of
Proposition 1.3.5, with V' DeTurck’s vector field, the solution of the Cauchy problem (1.4) is also unique.

PROOF. Let ¢1(t) and g2(¢) be solutions of the Cauchy problem (1.4) with the same initial
data go. By parabolicity of the harmonic map flow, introduced by Eells and Sampson in [36],
there exist ¢1(t) and v2(t) solutions of

{ Opp; = Agi,go@i
©(0) = Idys
d

Now we define §; = (¢; ')*g; and, using that =1 = —(p71), (%), it is easy to show, using
the two formulas proven in Lemma 1.3.3, that both g; and g are solutions of the Cauchy prob-
lem (1.10) associated to the strong elliptic operator L — %} and starting at the same initial metric
9o
[ 1y (0 1y
a(gz) = (¢; D) (&gz) +-=?QW)*(%¢;1)(%' D*gi
=L(g:) = L4 ,,9i = (L= LvG))i

hence they must coincide, by uniqueness. By point (ii) of Lemma 1.3.4, the diffeomorphisms ¢;
also coincide because they are both the one-parameter group generated by —V (g1) = —V (g2).
Finally, g1 = 3 (1) = ¢3(g2) = g2 and this concludes the proof. O

1.4. Uhlenbeck’s trick

In this section we present a trick attributed to Uhlenbeck and first used by Hamilton (see [50])
to deal with the Ricci flow in dimension greater than 3. This trick can be seen from several points
of view and a detailed description (for the Ricci flow) can be found in [1, Chapter 5]. Briefly, we
relate the curvature tensor of the evolving metric to an evolving tensor of an abstract bundle with
the same symmetries of the curvature tensor (see Proposition 1.4.7); in a different but equivalent
formulation we may find a precise orthonormal moving frame of (7'M, g(t)) and write the evo-
lution equation of the coefficients of the Riemann tensor with respect to this frame. In this last
approach we deal with a system of scalar evolution equations and no more a tensorial equation,
and we are going to use slightly different versions of the maximum principle. This trick requires
a small conceptual complication but allows in many cases to simplify the evolution equations of
geometric quantities related to the Riemann curvature tensor, as we shall see in Section 3.2.2 for
the Ricci-Bourguignon flow.
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1.4.1. Time-dependent bundle isometries. Let (M, g(t)), co.T)
problem (1.4) and consider on the tangent bundle 7'M the family of endomorphisms (¢(t)), 0.7

be the solution of the Cauchy

defined by the following evolution equation
o =_1 #
2.0(t) = ~ 5 (Lg(t))* o (1) -
{ ©(0) = Idrn (10
where (Lg(t))? is the endomorphism of the tangent bundle canonically associated to the sym-
metric tensor Lg(t) by raising an index, i.e. g(t)((Lg(t))*v,w) = Lg(t)(v,w) for every p € M,
v,w € Tp,M.
REMARK 1.4.1. For every point p of the manifold M, the evolution equation represents a

system of linear ODEs on the fiber T,, M, therefore a unique solution exists as long as the solution
of the Cauchy problem (1.4) exists.

NOTATION. We will omit the time-dependence of tensors etc., unless it is strictly necessary
to avoid misunderstandings.

LEMMA 1.4.2. Let (h(t)):e[o,1) be the family of bundle metrics defined by h(t) = (t)*(g(t)), where
©(t) satisfies relations (1.11). Then h(t) = go for every t € [0,T).

PROOF. Let X,Y € I'(T'M) be vector fields independent of time, we compute

ShnXY) = o (g(e(x),6(1)
= P (p0x),000) + 922000, 0)) +9(03), 2 1))
= Lo(p(X),0() — 59(L6 (X)), (1)) — 59 (#(X), L6 (5(1)))
= 0.
Therefore h(t) = ¢(0)*(g(0)) = go. O

REMARK 1.4.3. From the previous lemma we have that
vie[0,T)  ¢(t): (TM,h) = (TM,g(t))
is a bundle isometry. Therefore, the pull-back of the Levi-Civita connection is a connection
on TM compatible with the metric h. More precisely, we denote with (V, k) the vector bundle

(T'M, h) in order to stress that we do not consider its Levi-Civita connection but the family of
time—dependent connections defined via the bundle isometries ().

LEMMA 1.44. Let D(t) : I(TM, ¢g(t)) x I'(V, h) — T'(V, h) be the pull-back connection defined by
where V (t) is the Levi—Civita connection of g(t).

Let again D(t) be the canonical extension to the tensor powers and to the dual of (V,h) and T € T((TM)*®
(T*M)t, g(t)). Then

D(t)x ()" (1)) = et)*(V(t)xT) vVt €[0,T),VX € T(TM,g(t)).

In particular Dxh = ¢*(Vxg) = 0, so every connection of the family D(t) is compatible with the bundle
metric hon V.

PROOF. We show the computation for T' € I'(T* M, g(t)), the general case is straightforward.
Forevery ¢ e I'(V,h) and X € I'(TM, g(t )) we have

(Dx((M)(Q) = X(¢'T(Q) — (¢ T)(DxC)
= X(T(s >) ( (Dx0) = X (T(¢(0) ) = T(Vx (¢(0)) )
= VxT(¢(¢) =" (VxT)(C).-
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REMARK 1.4.5. A synthetic way to write the previous formula is D(t) x (¢(t)) = 0. Indeed,
we can consider ¢ as a section of V* ® T M, as it is linear on the fibers, and extend the connection
to the mixed product of V and T'M in the natural way

Dx((®Y)=(Dx()@Y +(®(VxY) VX, YEeTM,V(cV.

This procedure holds in fact in a more general setting: if 7y : V. — M and 7 : W — M
are vector bundles over a manifold M and ¢ : V' — W is a bundle map (i.e. linear on the
corresponding fibers) fiberwise invertible, given a connection V on W, we can pull-back it to a
connection D on V, extend it (denoted again D) to the mixed product and compute, for every
X e (TM),¢ e T(V),T € T(W¥),

(Dx¥)(GT) = X($(GT)) = w(DxC,T) = U(¢, VT)
= X(T(¥(©)) - T((Dx0) = VxT(¥(¢)
X(T(@(Q)) = T(Vx (¥(Q)) = VxT () =0

/N

by construction.

The final purpose of this method is computing the evolution equation of ¢*(Rm) € T'((V*)4),
which we will finalize for the Ricci-Bourguignon flow in Section 3.2.2. In order to do that, we
need another lemma which provides the natural extension of the second covariant derivative:

LEMMA 1.4.6. Let D? : T(TM) x T(TM) x T'(V) — T(V) be the second covariant derivative
defined by

D% y(¢) =Dx(Dy() = Dvyv(, VXY €eD(TM) V¢eT(V),
and the rough Laplacian defined by Ap = try(D?). Then VT € T((TM)* ® (T*M)?)

Diy(¢(T) = ¢'(ViyT), VXY eD(TM), (112)
Ap(*(T) = ¢"(AGT). (1.13)
PROOF. Analogous to the previous ones. O

In the next proposition with a simple computation we show that the pull-back of the curva-
tures via the bundle isometries {((t)} have the same symmetry and positivity properties as the
original ones.

PROPOSITION 1.4.7. Let Pm(t) € T'((V*)?) be the pull-back of the Riemann curvature tensor via
the family of isometries {(t)}. The followings hold true:

(1) Pm(t) has the same symmetry properties of Rmgy), hence the associated algebraic operator de-
fined by o(t) o P = R o p(t) is a "curvature operator” P(p,t) € Cp(V,) for every p € M and
t € [0,T) (see Remark 1.4.8).

(2) P(p,t) has the same eigenvalues of R(p,t). In particular, P is positive definite if and only if R
is positive definite.

(3) Pic(t) = trp (Pm(t)) = @(t)* (Ricy()) , P = try(Pic(t)) = Ry The conditions on the Ricci
and the scalar curvature can be seen on their algebraic version.

(4) B(Pm) = ¢*(B(Rm)), where B(T);jj1 = hPTh"* T}y, Tiqis for every (4, 0)—tensor on V.

PROOF. (1) and (2) are obvious from the definition.
This computations in (3) and (4) are probably easier in local coordinates.

Therefore, let { 8‘11 } - be the local frame of coordinate fields in TM and {e, }4—1....» a local

,,,,,

frame for V' (which can coincide with the coordinate frame as the bundles are the same). In this
setting the bundle isometry ¢ has components ¢?, and the following equations are satisfied:

hab = ¢*(9)(€as €) = g(p(ea), plen)) = gij ot , "7 = hPple]
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where the first one is simply the definition of pull-back metric and the second one is obtained by
inverting the first one. Then we compute

Picse = h"Pmapea = h"Rmijuilolekol
= ¢/'Rmijreler = Riciaplpr = (¢ Ric)ac,
P = h*Pice. = h“CRicikcngoff = ¢**Ric;r, = R,
B(Pm)apeda = h*'h* " PmgspuPmetdy

= h*'h" Ranojq R ol 20y 0l ot h oo,
= gopquRmioqumkplr@Z@i‘plgpfi =" (B(Rm))abcd .
U

REMARK 1.4.8. It must be noticed that, whereas for every p € M and ¢ € [0,T) the operator

P(p, t) belongs to the set of algebraic curvature operators Cy(V},) (see Appendix A), it is not the
curvature operator of the pull-back connection D(¢), since the notion of curvature operator as
an element of S?(A?(T;; M)) makes sense only for affine connections and we have on purpose
denoted with (V, k) the vector bundle (T'M, go) to ignore its tangent structure.
Almost everywhere in the present literature, the pull-back ¢*(Rm) tensor is again denoted by
Rm and this abuse of notation is somehow misleading in suggesting the wrong impression
that Pm(t) = ¢(t)*(Rmg)) = Rmgy+(gr)) = Rmy, but this formula, which holds whenever
¢ € Dif f(M), is no longer true for general isomorphisms of the tangent bundle.

1.4.2. Alternative formulations. There is another way to see Uhlenbeck’s trick, which is ap-
parently less complicated, but it might hide some tricky aspects.
If (M,g(t))te[o’T) is the solution of the Cauchy problem (1.4), we consider {e,}q=1,..» a local
frame for T'M which is orthonormal with respect to the initial data go. Let {e,(¢)}a=1,... n be the
time—dependent local frame that any point p is solution to the following ODEs system:

{ Lea(t) = —3(Lg(t))* (ealt)) .

ea(0) =eq,a=1,...,n

Since the system is linear, the solution exists as long as the solution g(¢) of the Cauchy problem
exists.

LEMMA 1.49. Foreveryt € [0,T) {eq(t)}a=1,....n is a local frame of T M orthonormal with respect
to the metric g(t).

PROOF. Since go(eq,ep) = dab, in order to prove the lemma it suffices to show that the scalar
products g(t)(eq(t), ep(t)) are time-independent. From now on, we omit the space and time-
dependence of the quantities. Therefore

de dey,
%(g(eaaeb)> = a(eaaeb)+g(d7ta7eb) +g(eavﬁ)

d dg
= Lglearen) — 59((Lg)(ea)sr) — 39(car (Lg)t () = 0.
O

The time-derivative of a tensor is defined as the tensor whose components, with respect
to a fixed frame, are derived. In Section 3.2.2, instead of looking at the evolution of ¢*(Rm),
we could compute the evolution of the components of the Riemann tensor with respect to the
orthonormal moving frame defined above. In other words, we could compute the time derivative
of the functions Rm(eg, €, €., eq) for every a,b,c,d = 1,...,n and this would lead to the same
equations, with slightly different meaning.

REMARK 1.4.10. This formulation of Uhlenbeck’s trick has been introduced by Hamilton
in [53] and is fairly complicated to be completely described. The key idea is to work on the frame
bundle F M of the manifold M: to any (p, ¢)—tensor on the manifold is associated a global function



1.5. MAXIMUM PRINCIPLE FOR ELLIPTIC OPERATORS 11

from FM to ®@"(R)* @ @®(R); differentiating with respect to a connection on M is equivalent
to differentiating this vector—valued function with respect to some suitable vector fields on F'M.
Then, when the metric (and so the connection) changes in time, one shows that the construction
can be made on the subbundle of F'M x [0,T') of orthonormal moving frames and there is again
a global vector field on this bundle that applied to the vector-valued function gives the time de-
rivative of the components of the original tensor.

The two versions of the trick described above have a synthesis in a third formulation, which
we first found in [11]: here one consider the “spatial” bundle E on M x [0,T) whose fiber at each
point (p, t) is given by T}, M. There is a canonical way to extend the time-dependent Levi-Civita
connection of T'M to a compatible connection on E by defining the covariant time derivative for
any section X € I'(E)

0 1
Dy (X) = 22X + 5 (Lg(t)*(X).
Then one can compute the evolution equation (with the covariant time derivative) of the Rie-
mann tensor seen as an element of T'(®" E*). As expected, the Laplacian operator here is the
trace of the second covariant derivative only with respect to the spatial components.

1.5. Maximum principle for elliptic operators

After having established the short time existence of solutions to the Cauchy problem (1.4),
we want to understand the behaviour of such solutions. If the geometric quantities related to the
metric, such as the curvature tensors, satisfy parabolic equations, the maximum principle pro-
vides a powerful tool in order to find geometric properties that are pointwise preserved during
the flow. Already known from the Euclidean setting, the maximum principle can be easily gen-
eralized to functions on a compact manifold that satisfy a heat-type equation, but a really strong
extension was established by Hamilton in his first papers on the Ricci flow: in [49] he proved a
maximum principle for symmetric (2, 0)-tensors and in [50] he gave a further generalization to
sections of vector bundles endowed with a time-dependent connection compatible with a fixed
metric. At the present time there are many refinements of maximum principle and several appli-
cations to the Ricci flow: a very detailed exposition can be found in [26, Chapter 10].

In this section we briefly discuss some maximum principles which will be used to study the Ricci-
Bourguignon flow in Chapters 3 and 4: the main adjustment is that the operator involved in the
evolution of the curvature tensors is no more the metric Laplacian A g(t)s but a time-dependent
second-order operator which in many cases is still uniformly strongly elliptic.

For completeness, we recall also the weak maximum principle for functions.

THEOREM 1.5.1 (Scalar Maximum Principle). Let uw : M x [0,T) — R be a smooth function
solution of the following parabolic equation

0
&u = Aq(t)u + g(t) (X(pv ta u, vg(t)u)a vq(t)u) + F(ua t) 5 (114)

where X is a continuous vector field and F : R x [0,T) — R is a continuous function, locally Lipschitz
in the last variable.

Let ¢1,ca € R be bounds for the solution at time 0, i.e. ¢1 < u(p,0) < ¢y for every p € M, and
U1 (t), Uz (t) the solutions of the associated ODE

W = FU(1),1),
{Ui(ﬂ) = ¢(0). (1.15)

Then Uy (t) < u(p,t) < Us(t), foreveryp € M, ¢ € [0,T), as long as the solutions of the ODE exist.

Now we want to focus on heat-type equations for sections of vector bundles over M.
Let M be a smooth compact manifold, (¢(¢)), ¢ € [0,T), a family of Riemannian metrics on M
and (E, h(t)) t € [0,T), be a real vector bundle on M, endowed with a (possibly time-dependent)
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bundle metric. Let D(¢t) : I'(T'M) x I'(E) — I'(E) be a family of linear connections on E compat-
ible at each time with the bundle metric h(¢). We have already seen in Section 1.4 how to define
the second covariant derivative, using also the Levi-Civita connections V) associated to the
Riemannian metrics on M.

We consider a second-order linear operator L on I'( E) that lacks its O—order term, hence it can be
written in a local frame field {e;}i=1,.., of TM

L=d"D?_ —V'D,, (1.16)

€;€j

where a = ae; ®e; € I'(S*(TM)) is a symmetric (0, 2)-tensor and b = b'e; € I'(T'M) is a smooth
vector field.

The first maximum principle we present applies to symmetric 2-tensors: this is nothing but
Hamilton’s maximum principle for symmetric 2—-tensors (see [49]) generalized to uniformly strongly
elliptic operators.

DEFINITION 1.5.2. Let S € I'(S?(T*M)) be a symmetric (2, 0)-tensor and let F' € I'(S%(T*M))
be a polynomial in S formed by contracting products of S with itself using the metric. We say
that F' satisfies the null-eigenvector condition if whenever S, is non negative at a point p € M and
v € T, M is a null eigenvector of S, then F,(v,v) > 0.

THEOREM 1.5.3 (Maximum principle for symmetric 2-tensors). Let S : [0,7) — T'(S*(T*M))
be a smooth solution of
0
2 S=LS+F
5 S=LS+
where L is a uniformly strongly elliptic operator locally given by equation (1.16) with D(t) = V 4 and
F'is a polynomial function in S that satisfies the null-eigenvector condition. If S(0) > 0, then S(t) > 0

in[0,7).

PROOF (SKETCH). We can rewrite Hamilton’s proof in [49, Section 9], by observing that, if
v € T, M is a null unit eigenvector of S, at time 6, we can extend v in a neighbourhood of (p, #)
to a time-independent vector field V' such that (Vyg));V = 0 and Ay V' = 0 in p for every
i =1,...,n. Then, in (p,d), we have that L(S)(v,v), = L(S(V, V))p > 0, because the function
S(V, V) at time 6 has a local spatial minimum in p and L is uniformly strongly elliptic, just like it
happened for the Laplacian. O

This theorem is a special case of the vectorial maximum principle which we will see below
in Theorem 1.5.5. However, such theorem requires a fixed bundle metric while in Theorem 1.5.3
the metric is the extension of ¢(t) to S?(T* M) and this can be useful when we want to study the
evolution equation of symmetric (2, 0)-tensors without applying Uhlenbeck’s trick explained in
Section 1.4.
Weinberger in [79] proved the maximum principle for systems of solutions of a time—dependent
heat equation in the Euclidean space; Hamilton in [50] treated the general case of a vector bundle
over an evolving Riemannian manifold. Here we present a slight generalization of Hamilton’s
theorem to uniformly strongly elliptic operators (see [74, Theorem A] for the “static” version
proved by Savas-Halilaj and Smoczyk).
For this theorem we consider a fixed bundle metric h on the vector bundle £ and a family of
time—-dependent connections D(t), compatible at every time with h.

DEFINITION 1.5.4. Let S C E be a subset and set S, = SN E,, for every p € M. We say that S
is invariant under parallel translation with respect to D if, for every curve v : [0,1] — M and vector
v € S,(0), the unique parallel (with respect to D) section v(s) € E, ) along ~(s) with v(0) = v is
contained in S.

THEOREM 1.5.5 (Vectorial Maximum Principle). Let u : [0,T) — I'(E) be a smooth solution of
the following parabolic equation

0
ke Lu+ F(u,t), (1.17)
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where L is a uniformly strongly elliptic operator as defined in (1.16) and F' : E x [0,T) — E isa
continuos map, locally Lipschitz in the factor E, which is also fiber—preserving, i.e. for every p € M,
veE,tel0,T)F(v,t) € E,.
Let K C E be a closed subset, invariant under parallel translation with respect to D(t), for every t €
[0,T), and convex in the fibers, i.e. K, = K N E, is convex for every p € M.
Suppose that K is preserved by the ODE associated to equation (1.17), i.e. for every p € M and Uy € K,
the solution U (t), of
a = FP(U(t)v t)

{ ﬁt(o) - u (1.18)
remains in K. Then, if u is contained in K at time 0, u remains in K, i.e. u(p,t) € K, for everyp € M,
t € [0,T), as long as the solution of the ODE exists.

We can follow exactly the detailed proof written in [26, Chapter 10, Section 3], provided that
we generalize Lemma 10.34 there. In [6, Lemma 1.2] Bohm e Wilking prove that if X' C E satisfies
all the hypothesis of the theorem and u € I'(E) is a smooth section of E, if u(p) € K, ¥p € M,
then Vv € T,M D,u(p) € Cy;)K,, the tangent cone of the convex set K, at u(p) and also the
Hessian

Dgu(p) = Dvau(p) - Dvau(p)
belongs to C,(,) K. Then, as L is uniformly strongly elliptic, it can be diagonalized pointwise by
an orthonormal basis and the result follows by the convexity of the tangent cone.
There is a further generalization of this maximum principle which allows the subset K to be
time-dependent.

THEOREM 1.5.6 (Vectorial Maximum Principle-Time—dependent Set). Let u : [0,T) — I'(E)

be a smooth solution of the parabolic equation (1.17), with the notations of the previous theorem. For every

€ [0,7), let K(t) C E be a closed subset, invariant under parallel translation with respect to D(t),
convex in the fibers and such that the space—time track

T={(wt)e ExR:veK(t)te0,T)}

is closed in E x [0,T). Suppose that, for every ty € [0,T), K(to) is preserved by the ODE associated,
i.e. for any p € M, any solution U (t) of the ODE that starts in K (to), will remain in K (t),, for all later
times, as long as it exists. Then, if u(0) is contained in K(0), u(p,t) € K(t), foreverp € M,t € [0,T),
as long as the solution of the ODE exists.

The proof of this theorem, when K depends continuously on time and F' does not depend
on time is due to Bohm and Wilking (see [6, Theorem 1.1]). In the general case the proof can be
found in [26, Chapter 10, Section 5], with the usual adaptation to the strongly uniformly elliptic
case.

The following lemma is a collection of standard arguments that together give a simple way
to find invariant convex subsets of E, when E = Endga (V) is the space of self-adjoint endomor-
phisms of a bundle V.

LEMMA 1.5.7. [26, Lemma 10.11] Let (V, h) be a vector bundle on M of rank m, endowed of a bun-
dle metric h and a connection D compatible with h. Let E = Endga (V') be the space of endomorphisms
of V which are self-adjoint with respect to h.

(1) The canonical extension of D to End(V) restricts to a metric connection on E.

(2) The eigenvalues of a parallel section e € I'(E) do not depend on the points of M.

(8) The super(sub)-levels of a function of the ordered eigenvalues define invariant subsets of E.
(4) The convexity of such subsets is directly related to the convexity of the defining functions.

PROOF. 1) Let e € I'(E) be a self-adjoint endomorphism and X € I'(T'M). Then Dxe is
self-adjoint, because for every v, v’ € I'(V)

h((Dxe)(v),v") = X(h(e(v),v")) — h(e(Dxv),v") — h(e(v), Dxv")
= X(h(v,e(v'))) = h(Dxv,e(v")) — h(v,e(Dxv"))
= h(v,(Dxe)v)



1.6. INTERPOLATION INEQUALITIES 14

This computation shows that the sub-bundle of self-adjoint endomorphisms can be considered
for applications of Theorem 1.5.5.

2) Let p € M be a point, e, € E, and v, € V,, such that e,(v,) = Avp, for A € R. If ¢ € M is
another point, v a curve between p and ¢ and e and v the parallel translations of respectively e,
and v, along v we have that both e(v) and Av are parallel sections along ~ that coincide in p. By
uniqueness of parallel translation they must coincide along ~; in particular e, (v,) = Avg, thatis A
is an eigenvalue of e at each point of the curve.

3) The previous argument can be extended to each eigenvalue of e, hence for a parallel section
along ~ is well defined the m—uple of its ordered eigenvalues along v, thatis (A1(e), ..., Am(e)) €
A, where A C R™ is the set of ordered m-uple of real numbers.

If G : A — Risareal function and ¢ € R, then the subset

K={ee(E):Ype M G((\l(ep))) <c} (1.19)

is therefore invariant under parallel translation.
4) If K is defined as above by the function G and the map e — G(X\;(ep)) is convex for every
p € M, then K is convex. Indeed, lete,e¢’ € K and s € (0,1), then for every p € M

G(Ai(sep + (1 = s)ey,)) < sG(Ni(ep)) + (1 = 5)G(Ni(e,)) < sc+ (1 —s)c=c, (1.20)
by basic property of convex functions. If the previous map is concave and K is defined by the
opposite inequality, then K is again convex. O

1.6. Interpolation inequalities

In this section we prove some inequalities between Sobolev norms of tensors that we will use
to prove the curvature estimates for the Ricci-Bourguignon flow in Section 3.4.
Let || 7']| z» be the Sobolev norm given by the sum of the L? norms of the first k covariant deriva-
tives of a tensor 7.
First of all, we prove the proposition:

PROPOSITION 1.6.1. Let k € N, p € [1, +oo] and q € [1,400). There exists a constant C(n, k, p, q)
such that for all 0 < j < k and all tensor T

1— 4

7
Tl s < ClIT N N7 g

1 1-%
where =D +

Qs

To prove this proposition, we need several lemmas.

LEMMA 1.6.2 (Hamilton [49], Theorem 12.1). Let p € [1,4+0], ¢ € [1,4+00) and r € [2,400)
such that 2 = % + %. There exists a constant C'(n, r) such that for all tensor T

IVTIZ < CITllp [ V2Tl -

PROOF. We first observe that,
r—
2
Since M is compact without boundary, we get

. 2 .
Vi(|VT|"72) = IVT|"~*V,;(IVT|?) and |V(|VT)?)| < 2|V2T||VT].

VT = / (ViT, VT 2V'T) dp,
M

S / (T, V([T 2VT)) dpy
M

—92 A
= [ @RI NI T dy — [ (VT AT) dy
M M

IN

¢ [ 1TIeTIv T dy,
M

IN

CITIlp I VTl IV T2,
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using Holder’s inequality with =2 + % + % = 1. This ends the proof of this lemma. O

LEMMA 1.6.3. Let k € N, p € [1,+o00] and q € [1,+00). There exists a constant C'(n, k, p, q) such
that for all tensor T

17|13,

k+1

<Ol gl T g,

k42

2_1.,1

where £ = + .
PROOF. We apply Lemma 1.6.2 to V*T:
IVEFITIR < CIV T |IT ) g

k+2

< CINTN ez T ez

k42’
On the other side, using Holder’s inequality
ITIZ < N1l Tllg < Tl 1T, -

The combination of both inequalities gives the result. O

LEMMA 1.6.4 (Hamilton [49], Corollary 12.5). Let k € N. If f : {0,...,k} — R satisfies for all
0<j<k

FU) S CFG= DG +1)2,
where C is a positive constant, then forall 0 < j < k
FG) < T8 F0) - E f (k) E
PROOF OF PROPOSITION 1.6.1. We apply Lemma 1.6.4 with f(j) = HT||H;7 . We observe that
2 - _1 4 1 then Lemma 1.6.3 shows that there exists C(n, k, p, ¢) such that

FG)SCFG—1Ef(G+1)%.

Since 79 = p and 7, = ¢, Lemma 1.6.4 gives Proposition 1.6.1. O

REMARK 1.6.5. We observe that, in Proposition 1.6.1, there holds the same conclusion, if we
substitute in both members of the inequality the full Sobolev space norm of T" with the corre-
sponding Lebesgue norm only of the higher covariant derivative of T" it is sufficient to apply
Lemma 1.6.4 with f(j) = |[V/Rm]|,, and Lemma 1.6.2. In such case this proposition is a gen-
eralization of [49, Corollary 12.7]. Also the following Lemma 1.6.7 remains true with the same
substitution made in Proposition 1.6.1.

NOTATION. Given two tensor S and T, we denote with S * T any linear combination of
expressions of the the form S ® T ® g®* ® (¢g~1)®4, i.e. any product of the two tensors with some
indexes raised or lowered by the metric g.

LEMMA 1.6.6. For all tensors of the form S x T, there exists C depending on the dimension and the
coefficients in the expression such that

1S+ T| < C|S||T].
PROOF. By the Cauchy-Schwarz inequality, tr,(T')* = (¢ T;;)? < n|T|*. Then

1S+T| < ClS®T® g™ @ (g~ < Cn'3"[S||T] .

Let k € N, and set, for a tensor T, F,(T) = Z VIT « VT « VFT.
JH=k, j,I>0

LEMMA 1.6.7. Let k € N. Let p € [2,+0c] and q € [2,400) such that % + % = 1. There exists
C(n, k,p,q, F) such that for all tensor T,

[ By < CITILITIE
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PROOF. Let us consider one term in F,(7T") that can be written VIiT « VT« V*T, 5,1 > 0 such
that j + 1 = k. We set

1 1-4

j l l
1 _1-%,% 1_l-%_ .z
q

P nooop o q
Since L + % + % = 1, we apply Lemma 1.6.6 to get the first inequality, then Holder’s inequality

and finally we replace each factor with the full Sobolev space norm.

|VIT « V'T « VT dp, < 0’/ |VIT||V'T| VT dpsy
M M
< VT VTN IVET
< C’IITIIH;-j Tl g 1T g

Then we apply Proposition 1.6.1 to the first two factors and we obtain
[ 19T T 9 diy < YT T
M

The result follows since F,(T') is a linear combination of such terms. d



CHAPTER 2

The renormalization group flow

In this chapter we introduce and study the renormalization group flow, the first geomet-

ric flow considered in this thesis. Unlike the Ricci flow, the mean curvature flow or the Ricci—
Bourguignon flow which we will study in the next chapters, the renormalization group flow
involves a quadratic expression of the curvature tensors, as the cross curvature flow introduced
by Chow and Hamilton in [28]. The short time existence and uniqueness of a smooth evolution
of every initial metric of a three-dimensional manifold with curvature not changing sign, was
established for the cross curvature flow by Buckland in [14]. In the second section, we prove the
analogous result for the renormalization group flow (Theorem 2.1.1), provided the sectional cur-
vature of the initial metric is suitably bounded from below. In the third section we carry out the
computation of the evolution equations for the Ricci, the scalar and the sectional curvature along
the flow in dimension three. Unfortunately, due to the complexity of these equations, we are cur-
rently unable to establish if the condition assuring the short time existence is preserved along the
flow and therefore to begin the study of the long time behaviour of solutions (see Remark 2.2.2).
Finally in the last section we compute the principal symbols of similar quadratic flows.
Most of the contents of this chapter appeared in [31], written by the author and Mantegazza.
Gimre, Guenther and Isenberg extended the short time existence of this flow to any dimensions
in [47] (see also [45]). Since the computation of the principal symbol is the same, we also present
their n—dimensional version of Theorem 2.1.1.

The renormalization group (RG) arises in modern theoretical physics as a method to investigate
the changes of a system viewed at different distance scales. Since its introduction in the early '50,
this set of ideas has given rise to significant developments in quantum field theory (QFT) and
opened connections between contemporary physics and Riemannian geometry. In spite of this,
the RG still lacks a strong mathematical foundation.
In this chapter we deal with a particular example in string theory, the flow equation for the
world-sheet non linear sigma-models, and we try to analyse the contribution given from its
second order truncation. More precisely, let S be the classical (harmonic map) action

1 .
5(0) = g [t dun

where ¢ : ¥ — M is a smooth map between a surface (X, h) and a Riemannian manifold (1, g)
of dimension n > 3. The quantity a > 0 is the so—called string coupling constant. Roughly speak-
ing, in order to control the path integral quantization of the action S, one introduces a cut—off
momentum A which parametrizes the spectrum of fluctuations of the theory as the distance scale
is varied as 1/A — 1/A’. This formally generates a flow (the renormalization group flow) in
the space of actions which is controlled by the induced scale-dependence in (M, g). Setting

7 := —In(A/A’), one thus considers the so—called beta functions §, associated with the renor-
malization group of the theory and defined by the formal flow g(7) satisfying
0gir(T) .
o - sz-

In the perturbative regime (that is, when a|Rm(g)| < 1) the beta functions ;5 can be expanded
in powers of a, with coefficients which are polynomial in the curvature tensor of the metric g and
its derivatives. As the quantity a|Rm(g)| is supposed to be very small, the first order truncation

17
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should provide a good approximation of the full RG—flow

% = —aRj, + o(a),
asa — 0.

Hence, the first order truncation (with the substitution 7 = t/2a) coincides with the Ricci flow
0:g = —2Ric, as noted by Friedan [39, 40] and Lott [61], see also [17].

It is a well-known fact that generally the Ricci flow becomes singular in finite time and in [49]
Hamilton proved that at a finite singular time 7" > 0, the Riemann curvature blows up. Then,
near a singularity, the Ricci flow might no longer be a valid approximation of the behavior of the
sigma—model. From the physical point of view, it appears then relevant to possibly consider the
coupled flow generated by a more general action, as in [16, 68].

Another possibility may be to consider also the second order term in the expansion of the beta
functions, whose coefficients are quadratic in the curvature and therefore are (possibly) dominat-
ing, even when a|Rm(g)| — 0. The resulting flow is called two—loop RG—flow

2

9gik a is 1
= - Rz - 7Rz mR stu 5 gt gm ; 2.1
o7 ahg o tvijlm kst g 949 (2.1)

see [59]. We refer to it as RG%*—flow.

After rescaling the flow parameter 7 — t/2a in equation (2.1), the RG*%~flow is given by

js lt _mu

Ogir = —2Rir — aRyjimRistu g’ g g™,

which can be seen as a sort of “perturbation” of the Ricci flow 0,g;, = —2R.

2.1. Short time existence

In this section, we are going to consider the short time existence of this flow for an initial
three-dimensional, smooth, compact Riemannian manifold.
In the special three-dimensional case the Weyl part is identically zero, hence the algebraic de-
composition of the Riemann tensor (1.2) simplifies and the evolution equation has the following
expression.

drgix = —2Rik — a(2RRyk — 2R3, + 2[Ric*gir, — R?gix) ,
where R?, = R;;Rix¢’!. In particular we prove the following theorem

THEOREM 2.1.1. Let (M, go) be a compact, smooth, three-dimensional Riemannian manifold and
a € R. Assume that the sectional curvature K of the initial metric g satisfies

14 2aKo(X,Y) >0 (2.2)
for every point p € M and vectors X,Y € T,M. Let

js lt _mu

Lg;r = —2Ry; — aRijimRistug’ 9 g™,
then, there exists some T' > 0 such that the Cauchy problem
g = Lyg
2.3
L 29
admits a unique smooth solution g(t) for t € [0,T).

REMARK 2.1.2. Notice that, even if not physically relevant, in this theorem we also allow
a < 0. In such case the condition on the initial metric becomes

1
Ko(X,Y -
0( ) )< 2a7

which is clearly satisfied by every manifold with negative curvature.
Any manifold with positive curvature satisfies instead condition (2.2), for every a > 0.
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The evolution problem involves a fully non linear second—order differential operator L and,

from the general existence theory of non linear parabolic PDEs recalled in Section 1.2, it follows
that the Cauchy problem (2.3) admits a unique smooth solution for short time if the linearized
operator around the initial data DLy(h) = L L(g + sh) |,_, is strongly elliptic, that s, it satisfies
condition (1.3) for any symmetric 2—-tensor h and cotangent vector &.
It is trivial that the operator involved, as for the Ricci flow, can only be weakly elliptic, due to the
invariance of the curvature tensors by the action of the group of diffeomorphisms of the manifold
M (see Lemma 1.3.1). Under assumption (2.2), we will show that there are no other degeneracies
and the other eigenvalues of the principal symbols are all strictly positive, then DeTurck’s trick
described in Section 1.3 will be sufficient to establish the existence of a short time solution of the
RG**—flow.

We start computing the linearized operator DL, of the operator L at a metric ¢ in any dimen-
sionn > 3.
The Riemann and Ricci tensors have the following linearizations, see [5, Theorem 1.174] or [77].

1
Dng(h)ijkm = 5( - vjvmhik - vivkhjm + vzvmhjk + vjvkhim> + LOT,
1
DRicy(h)i, = 5( — Al — ViVitr(h) + ViVthe, + vkvthit) +LOT,

where, as usual, we use the metric g to lower and upper indices and LOT stands for lower order
terms.
Then, the linearized of L around g, for every h € S?M, is given by

DLy(h)y, = —2DRicy(h)ix — aDRmy(h);*"“Ristu — aRisru DRy (h)x"" + LOT
= Ah; + Vivktl"(h) — VNthtk — VkVthit
— SRt (VIR + V VR = VOV AL = VYA
a

~ 3Rt (VIVhE 4+ ViV R = VOV b, — V. V') 4+ LOT

= Ahzk + Vivktr(h) - Vinhkt - VkVthit
+aRsta (ViVER™ — VEVIEY) + aRise (Vi VIR — VEVIRY) + LOT,

where the last passage follows from the symmetries of the Riemann tensor (interchanging the
last two indices makes it change sign).

Now we obtain the principal symbol of the linearized operator in the direction of an arbitrary
cotangent vector £ by replacing each covariant derivative V,, with the corresponding component

o

oe(DLg)(h)ir = &'&hik + &ilptr(h) — &€ byt — EkEhig
+aRkstu (fzfthsu - gsgth?) + aRistu (gkrgthsu - fsgch) .

Since the symbol is homogeneous, we can assume that ||, = 1, furthermore, we can assume to do
all the following computations in an orthonormal basis {es, ..., e, } of T,M such that £ = g(es,-),
hence, & = 0 fori # 1.

Then, we obtain,

hik + 01 0k1tr(h) — 0;16™ hyg — 8516 P

+aRpstu (6110 h* = 6°10" hi') + aRispu (Gr1 0" R — 6°16" )

= hip + 0:a0k1tr(h) — dinhig — Op1hi

+aRys140:17°" — aRg110h) + aRis100k1 %Y — aRi11, 0y (2.4)

O'E(DLg)(h)ik
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So far the dimension n of the manifold was arbitrary, now we carry out the computation in the
special case n = 3 (using again the symmetries of the Riemann tensor),

hi1 hao(1 + 2aR1212) + hss(1 4+ 2aRq313) + hos(4aRi213)
hio hssaR1323 + hosaRi223
his h22aR1232 4+ hogaRi332
DL =
o¢(DLy) haa haa(1 4+ 2aR1212) + hes2aRi213
h3s3 hs3(1 4+ 2aR1313) + hesz2aRi213
has hooaRi213 + hazaRi213 + has(1 + aRig12 + aRis13)

Then, we conclude that

0 0 0 142aRq212 1+ 2aRi3i3 4aR1213
0 00 0 aRq323 aRi223
- 0O 0 0 CLR1232 0 aR1332
7e(DLg) =10 0 0 1+ 2Ry 0 2aR1213
0 0 0 0 1+ 2aRq313 2aR1213
000 aRi213 aRi213 1+ aRi212 + aRis13

As expected, in the kernel of the principal symbol there is at least the three-dimensional space of
forms h = £ @ v +v ® & € S*(T; M) where v is any cotangent vector, that is the principal symbol
of the operator ¢*, or, otherwise said, the variations of the metric which are tangent to the orbits
of the group of diffeomorphisms (see Lemma 1.3.1).

Now we use the algebraic decomposition of the Riemann tensor in order to simplify the compu-
tation of the other eigenvalues.

We recall that, in dimension three, the Riemann tensor is fully determined by the Ricci tensor in
the following way

. R
Rijr = (Ric ® g)ijm — Z(g ® 9)ijki -

We supposed to choose at every point p € M an orthonormal basis, therefore the principal symbol
can be expressed in the simpler form

00 0 1+ a(R — 2R33) 1+ a(R — 2R22) 4(1R23

0 0 O 0 aRi2 —aRa3
i 0 0 0 aRq3 0 —aRq2
oe(DLe) =10 0 0 1+a(R- 2Rs) 0 2aRg;3
0 0 0 0 1+ Cl(R — 2R22) 2(1R23
0 0 0 CLR23 CLR23 1 + CLR11

In order to apply the argument of DeTurck, we need the weak ellipticity of the linearized operator.
To get that we have to compute the eigenvalues of the minor

1+ CL(R — 2R33) 0 2aRo3
A= 0 1 + G(R, — 2R22) 2aR23
aRas3 aRas3 1+ aRq1

We claim that with a suitable orthonormal change of the basis of the plane span{es, e2} = ei we
can always get an orthonormal basis {¢], €5, e5} of T, M such that ¢/ = e; and R); = Ric(e), e5) =
0.

Indeed, if {€}, €4} is any orthonormal basis of ei-, we can write

el = cos aeg + sin aeg ey = —sin aey + cos aeg
for some « € [0, 27). Plugging this into the expression of the Ricci tensor, we obtain

s = cosasina(Rsz — Rgo) + (cos® a — sin? a)Ras

1
= 5 Sin(2a)(R33 — Rgg) + COS(2O&)R23 .
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Hence, in order to have Rf; = 0, it is sufficient to choose

T if Ro2 = Ras,

a = 1 2Ro3 .
{ s arctan(g_ %—)  otherwise.

The matrix written above represents the symbol o¢(DL,) with respect to a generic orthonormal
basis where the first vector coincides with ¢(&, -), so with this change of basis we obtain

0 0 O 1+CL(R—2R33) 1+CL(R—2R22) 0

0 0 0 0 CLR12 —CLR13
I O aRi3 0 —aRi2
oe(DLo) =10 0 0 1+a(R - 2Ry) 0 0
00 0 0 14a(R—2Rs) 0
0 0 0 0 0 1+ aRqq

Hence, the other three eigenvalues of the matrix ¢ (DL,) are the diagonal elements of the matrix

1+ a(R — 2R33) 0 0
A= 0 1+ G(R — 2R22) 0 s
0 0 1+ CLR11

that is,
)\1:1+a(R—2R33)7 /\2:1+CL(R—2R22), A3 =14+aRq;.

Now we recall that, if {e;} ;=1 ..., is an orthonormal basis of the tangent space, the Ricci quadratic
form is the sum of the sectional curvatures,

Rii = Z K(ei, €j)
J#i
and the scalar curvature R is given by

n
R=> Rii=2> Klee)).
i=1 i<j
Then, in dimension three, denoting by a = K(es, e3), 8 = K(e1, e3) and v = K(e1, e2), we obtain
that the above eigenvalues are

A =1+ 2ay, Ao =1+ 2a8, As=14+a(f+7).

It is now easy to see, by the arbitrariness of the cotangent vector ¢, that these three eigenvalues
are positive, hence, the operator L is weakly elliptic, if and only if all the sectional curvatures
K(X,Y) of (M, g) satisfy 1 + 2aK(X,Y") > 0. If this expression is always positive, then there are
exactly three zero eigenvalues, due to the diffeomorphism invariance of the operator L.

We are then ready to prove Theorem 2.1.1.

PROOF OF THEOREM 2.1.1. Following the work of DeTurck [33, 34] we exposed in Section 1.3.5,
we show that problem (2.3) is equivalent to a Cauchy problem for a strictly parabolic oper-
ator, modulo the action of the diffeomorphism group of M. Our operator Lg;xz = —2R;; —
aRijimRistu ¢Iegttg™ is clearly invariant under diffeomorphisms, hence, in order to show the
smooth existence part in Theorem 2.1.1 we only need to check that D(L — %), is uniformly
strongly elliptic, where V' is the vector field defined in Lemma 1.3.4. By the same lemma, with
respect to the orthonormal basis {e;, €5, €5} introduced above, we have

1 0 0 a(R — 2R33) a(R — 2R22) 0

010 0 aRqs —aR13

0 0 1 aR 0 —aR
oe(DIL=ZLv)e) = | o ¢ ¢ 1+§27 0 012

0 0 O 0 1+ 2a8 0

000 0 0 1+ a(B+7)
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Finally, by the discussion above, we conclude that a necessary and sufficient condition for the
strong ellipticity of the linear operator D(L — %y ), is then that all the sectional curvatures of
(M, go) satisfy

1+ QGK()(X,Y) >0,
for every p € M and vectors X,Y € T}, M.
The uniqueness of the solution, proven exactly in the same way as for the Ricci flow, is stated in
Proposition 1.3.6. U

We also present here the generalization of the previous theorem to any dimension, which
follows the same techniques.

THEOREM 2.1.3 (Gimre, Guenther, Isenberg, [47]). Let (M, go) be a smooth n—dimensional com-
pact Riemannian manifold, such that the sectional curvature K of the initial metric gq satisfies

1+ 2aKo(X,Y) >0

for every point p € M and vectors X,Y € T,,M. Then there exists a unique smooth maximal solution to
the RG*—flow (2.3) starting at go.

PROOF. The method is clearly the same of the previous theorem, therefore we consider the
expression of the principal symbol of the linearized of L given by equation (2.4) and we write it
again as a matrix acting on the n(n + 1) /2-vector

(h117 h12a ey hlna h22a ceey hnna h237 SR h(nfl)n)

representing h € S?(T,M) without repetition of symmetric indexes that correspond to equal
components of h. We have
n

0e(DLgy) ()11 = Y (1 +2aR1a15hss) +4 D Ricuhs

s=2 2<s<u

Uf(DLgo)(h)lk = Z Rksluhsu

2<s,u
0¢(DLgy)(h)ir = (1 + aRyj1i + aRugik) hik

+ ) Riashar+ Y Ragishis
2<s#i 2<s#k

The matrix expression of the principal symbol is given by

0e(DLy,) = (%i) |

where B is a square —-matrix, whose diagonal elements corresponding to the components
ik, i,k > 2 are 1 + aK(e1, e;) + aK(e1, e;); while the non diagonal elements of B involve terms
of the form Ry, with s # u. Since (Rys14) is @ symmetric form, we can as before find an
orthonormal basis {e}, ..., e}, } of ei such that R}, = 0 if s # u; with this choice B is diagonal
and its eigenvalues depend only on the sectional curvatures.

By applying again DeTurck’s Trick (Proposition 1.3.5) we obtain that, if the initial metric go on
M satisfies the condition of the statement, the RG?%—flow admits a smooth short time solution,
which is also unique by Proposition 1.3.6. O

n(n—1)
2

2.2. Evolution equations of the curvature tensors

In order to continue the study of this flow, some natural questions arise; for instance, one
would like to find some Perelman-type entropy functionals which are monotone along the flow,
as proposed by Tseytlin in [78]; another possibility is to investigate the evolution of the curvatures
along the flow under the hypothesis of Theorem 2.1.1 and try to find (if there are) some preserved
conditions in order to explore the long—time behaviour and the structure of the singularities at the
maximal time of existence. In this direction a first step is to see if the bound (2.2) on the sectional
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curvature is preserved in dimension 3. However, the evolution equation of the tensor Sec =
%Rg — Ric, which is minus the Einstein tensor, whose eigenvalues are the sectional curvatures,
(apparently) does not give any information about such desired preservation (see Remark 2.2.2).
Below we carry out the computation, in dimension three, of the evolution of the scalar and the
Ricci curvature and we finally derive the equation for the sectional curvatures.

As the evolution equations along the Ricci flow are already known, we consider the perturbation
term

%gik = 2RR;, — 2Ri; R}, + 2[Ric2gir. — R?gi (2.5)
and afterwards we combine the Ricci flow with this perturbation to get the full evolution equa-
tions.

We recall the complete first variation formulas for the scalar curvature and the Ricci tensor under
a generic flow % g = h, thatis

%R = —AH +6*h — (h, Ric)
)

1 . . )
=Rir = =3 (Ahik + ViV H — Vi(h), — Vi(8h); + 2Rjiph?' — 2R;h] — Rkjhg) :

where as usual we used the metric g to raise the indexes, H = tryh and ¢ is the divergence
operator. Starting with the scalar curvature, the most complex term is §2h and to simplify the
expression we use several times the twice-traced second Bianchi identity and the commutation
formulas for derivatives of tensors:

6%h =V V¥ hy
—v (2V’“RRM +RV,R — VERRyj, — 2V*R;,;R] + 2V, |Ric|? — Vi(R)2>
=2(V?R,Ric) + |[VR|* + |VR|* + RAR — %|VR|2
— (V?R, Ric) — 2R V'V*R;; — 2VFR,; V'R] 4 2A|Ric|? — A(R)?
= 2A|Ric|? — %A(R2) + (V?R, Ric) + %WR\Q — 2V*R,; V'R,
— 2R{VFV'R;; — 2R}, R\R7F — 2Ry R"R*
— 2A[Ric]? — %A(RQ) + %WRF ~ 9V*R,;V'R] — 2R, RLR*

— 2RIRM <Rijgkl + Rugi; — Ragrj — Rrjga — %(gijgkl - gilgkl))
= 2A|Ric|? — %A(RQ) + %IVRF — 2V*R,; V'R,
— 6tr(Ric®) 4+ 5R|Ric|? — R3.
Now we combine the computation above with these equations
H = |Rm|? = 4|Ric|*> - R?, (h,Ric) = —2tr(Ric®) + 4R|Ric|? — R?
and we obtain the perturbation terms in the evolution equation of the scalar curvature

d 1 1 .
iR = —§A|1m|2 + 5|VR|2 — 2VFR,; V'R — 4tr(Ric®) + R|Ric|? .

Now we compute the perturbation terms in the evolution of the Ricci tensor. We have
Vi(8h)r, = Vi(V/RRy;) + V;RV,R + RV, ViR
—2V(VIRiRY) + 2V, Vi Ric|* — V;V,R?

, , 1
=Vi(V/RRy; — 2VIRuRY) + 2V, Vi |Ricl” — §VinR2 :
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where we have used that V,;VR2 = 2RV,; ViR +2V,;RVR. Therefore, the second and first order
terms in the evolution are

1
= (Ahik L VVLH — V(8h)), — Vk(éh)i)

1
= (ARmfk + 4V, V|Ric? — V;V,R?

4 , 1
+ Vi(2V/RuR, — VIRRy;) — 2V; V| Ric|® + 5vikaQ

, , 1
+ V2V RyR, — VIRR,;) — 2V, V,[Ric]? + 5vkviP&)

1 . , , ,
-3 (ARmfk + Vi(2V/RuR) — V/RRy;) + Vi(2V Ry R — VJRR,-J-)) ,
where we have used that the Hessian of a function is symmetric.

Next we compute the 0-th order terms, using again the decomposition of the Riemann tensor in
dimension three. We have

Ry’ =Ry (2RRI — 2RJRY + 2[Riclg” — R%g/")
—5RRic%, — 4Ric}, — 2R*Riy, + 2tr(Ric®)gs, — 3R[Ric2gix + R2gik »
Rijh}, = 2RRic}, — 2Ricj, + 2[Ric/*Ri, — R*Ray,,
hence, the perturbation terms in the evolution of the Ricci tensor are

0

R = — 5 (ARmfk + Vi(2V/RiR! — V/RRy;) + Vi(2V/RyR! — VJRRU))

+ 6RRic?, — 4Ric}, — 4|Ric|*Ri — 2R*Ryx + 4tr(Ric)gi, — 6R|Ric|?gix + 2R gis. -

Finally, we put the previous equations together and we get, for Sec = $Rg — Ric,

0 10 1_0 0
ﬁSecik = 5&1{9% + §R§gik - aRik
1

— _( 1 2 1 2 g lps .

- 2( SARm[? + S|VR? - 2V/R,,V Rj)glk
1 . . . .

+5 (ARmfk + Vi(2V/ R R} — VIRRy;) + Vi(2V/Ry R} — VJRR,-]»)) + Iy,

where I stands for the 0-th order term which we treat separately. We try to rewrite this expres-
sion in terms of Sec, noticing that

Sec, = iR2gik + Ric}, — RRix,
therefore
~ TARm g, + SARmE, = — L AR? — A(Rich) + A(RRy) = ~A(Seck,).
Then, applying again the twice contracted Bianchi identity (i.e. §Sec = 0) we get
V7 (SecjiSeck) = — %ijRkj + VIRuR)
V7 Secis V'Sec) = — EWR\Z + V'R, V'R}
and

%Secik = —A(Sec?,) — VjSeclsVlSecjgik- + ViVj(Secleeci.) + Vij(Secleec,li) + 1.
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To rewrite the 0-th order term we employ these simple equations

; : 3 3 1.
Secy, = — Ricj,, + iRRic?k — ERQRM + gng,;k :
tr(Sec®) = — tr(Ric®) + %R\Rid2 - gR?’,
g 1 .5 1 1 4
SSec;), = iRRlcik - iRRik + §R Gik

1
[Sec|*Secir, = [Ric|*Rix — ZRQRika
1 1 1
S[Sec|® = SR|Ric|* - 2R, %= ZR®.
Therefore, we get
15 5
Iy = 4Ric, — 6tr(Ric*)gix — TRRic?, + 4|Ric|*Rix + 3R?Rix + 9 R|Ric|?gir, — 2 R%gix
= —4Sec, + 6tr(Sec”)gi — 28Sec, + 4|Sec|Seciy, — 3S|Secl*gir, + Sgur .

In the following proposition we summarize the computations above and state the evolution equa-
tions along the full RG**~flow.

PROPOSITION 2.2.1. During the RG*“—flow of a three dimensional manifold the scalar curvature,
the Ricci tensor and the (negative) Einstein tensor satisfy the following equations.

o
&R:AR+2|R1C|2 (2.6)
1 1 o
- a( — 5AJRm[ + |VR[? - 2V*R;, V'R, — 4tr(Ric®) + R|Ric|2) :
0
o7 Rik = ARy — 6R2, + 3RRix + 2|Ric>gix — R%gix (2.7)
a . . . .
+3 (ARmfk + Vi(2V R R, — VIRRy;) + Vi(2V/Ry R, — VJRRZ-]-))
- a(GRRicfk — 4Ric%, — 4[Ric|*Ryy, — 2R*Ry, + 4tr(Ric®)gi — 6R|Ric|?g;s + 2R39ik) ,
o
o7 Seci = ASecyy, — Sec|?gix + 6Sec?, — 4SSecir + S%gar (2.8)

+ a(A(Sec?k) + VjSeClSVlSeC;gik — V.,V (Secj;Seck,) — V1,V (Secleeci))
— a( — 4Sec}, + 6tr(Sec®)gix — 2SSect, + 4|Sec|*Seci, — 3S|Sec|?gix + SSQik) .

REMARK 2.2.2. We observe that the evolution equation of the tensor Sec involves a second or-
der quasilinear differential operator. In order to find out whether the condition (2.2) is preserved
we would like to apply a version of Hamilton’s maximum principle 1.5.3 for quasilinear elliptic
operators to the symmetric tensor Sec, = Sec + 5-g. Since g is parallel with respect to its Levi-
Civita connection, the differential operator on Sec, is the same acting on Sec and, by computing
the principal symbol, we can say that it is uniformly strongly elliptic if the bound (2.2) is fulfilled.
However, under the same condition, the 0-th order term does not satisfy the null-eigenvector
condition, therefore we cannot establish if such bound is preserved along the flow.

2.3. Similar quadratic flows

The analysis leading to Theorem 2.1.3 can be repeated step-by-step for the operator Ly, given
by

Log = —aRijimRistug’ 9" g™,
with associated RG“~flow
It _mu

atgik = *aRijlmRkstugjsg g
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In this case, along the same lines, the existence of a unique smooth evolution of an initial metric
go is guaranteed as long as
aKo(X,Y) >0
for every point p € M and vectors X,Y € T,M. That is, if a > 0 when the initial manifold has
positive curvature and if < 0 when it has negative curvature.
For geometrical purposes, this flow could be more interesting than the RG?“—flow, in particular
because of its scaling invariance, which is not shared by the latter.
Another possibility in this direction is given by the squared Ricci flow, that is, the evolution of an
initial metric gy according to
dvgik = —aRy;R,,
which is scaling invariant and can be analyzed analogously, or a “mixing” with the Ricci flow
(non scaling invariant)
dvgik = —2Rqx — aRy;R,
for any constant a € R, as before.
Indeed, the principal symbol of the operator = R;;RJ, can be computed as in Section 2.1. The
linearized of the operator H around a metric g, for every h € S?M, is given by

DH,(h)yx = RJDRicy(h)i; + RIDRic,(h);i + LOT
1 .
- §R§€( — Ahy; = ViVitr(h) + ViV ™y + vjvmhim)
1_.
+5R] (= Ahjp = V;Tktr(h) + V9" Ry + V9" ) + LOT.

Hence, the principal symbol in the direction of the cotangent vector &, as before, is

1 .
oe(DH) (W = —5RL(€"Emhsy + E&5tr(h) = &€ Dy — &€ him)
1 .
—5Ri (fmgmhjk + &i€ktr(h) = &€ him — fkﬁmhﬂ'm)
1 .
- 3R] (hij + 013015tr(h) — O15h1; — 51jh1i)

1 .
—§Rf (hjk + 61501ktr(R) — 615h1% — (51kh1j)

1

—5 (le(CSMtI‘(h) — hh) + R“(élktr(h) — hlk))
1, . ,

—3 (Ri(hz’j = 01ihay) + R (hje — 51kh1j)) :

where £ = g(e1, ) and {e;} is an orthonormal basis of T),M.
Again, by specifying the initial metric to be gy and diagonalizing the restriction of the Ricci tensor
to the hyperspace e, the principal symbol of the operator H, is described by

oe(DHy, )W = —5 (2Rir D )
j=2

1
og(DHg,)(h)1x = *5(2R1khkk+R1k Z hjj + Z lehjk)
JFLk J#L k

o¢(DHgy)(h)kk = <2Rkkhk~k>

1
2
o¢(DHg,)(h)ir = *%((Rkk + Rii)hik)

forevery i,k € {2,...,n} withi # k.
It is easy to see that the matrix associated to o¢ (D H,, ) expressed in the coordinates

(hlla h127 sy hlna h227 h337 ceey h’nn; h237 h247 sy hn—l,n)
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of S2M is upper triangular with n zeroes on the first n diagonal elements, then the next (n — 1)
ones are the values —Ry, for k € {2,...,n} and finally, the last (n — 1)(n — 2)/2 ones are given by
—(Ri; + Rix)/2 forevery i, k € {2,...,n} withi # k.

Now, applying Propositions 1.3.5 and 1.3.6, the squared Ricci flow

Orgix = —aRiRirg”",

has a unique smooth solution for short time, when a > 0 for every initial manifold (M, go) with
positive Ricci curvature and when a < 0, for every initial manifold (1, go) with negative Ricci
curvature.



CHAPTER 3

The Ricci-Bourguignon flow

In this chapter we begin to study the evolution of the metric of a compact Riemannian mani-
fold (M, go) under the following flow equation

29 = —2Ric + 2pRg = —2(Ric — pRyg), (3.1)
where pis a real constant. This family of geometric flows contains, as a special case, the Ricci flow,
setting p = 0. Moreover, by a suitable rescaling in time, when p is non positive they can be seen
as an interpolation between the Ricci flow and the Yamabe flow (see [10, 75, 81], for instance),
obtained as a limit flow when p — —o0.

It should be noted that for special values of the constant p the tensor Ric — pRg appearing on the
right side of the evolution equation is of special interest, in particular,

p = 1/2 the Einstein tensor Ric — Rg/2,

p = 1/n the traceless Ricci tensor Ric — Rg/n,

p = 1/2(n — 1) the Schouten tensor Ric —
p = 0, the Ricci tensor Ric.

Ry
2(n—1)"

In dimension two the first three are 0, hence the flow is static, in higher dimension the values of
p are strictly ordered as above in descending order.

Apart these special values of p, for which we call the associated flows as the name of the corre-
sponding tensor, in general we will refer to the evolution defined by the PDEs system (3.1) as
Ricci-Bourguignon flow (or shortly RB—flow).

The study of these flows was proposed by Jean—Pierre Bourguignon in [9, Question 3.24], in-
spired by some unpublished work of Lichnerowicz in the sixties and the paper of Aubin [2].
In 2003, Fischer [38] studied a conformal version of this problem where the scalar curvature is
constrained along the flow. In 2011, Lu, Qing and Zheng [62] also proved some results on the
conformal Ricci-Bourguignon flow.

We shall see that when p is larger than 1/2(n — 1) the principal symbol of the elliptic operator in
the right hand side of the second order quasilinear parabolic PDE (3.1) has one negative eigen-
value, not allowing even a short time existence result of the flow for general initial data (manifold
M and initial metric gg). On the contrary, the main task of Section 3.1 will be to prove that, for
p < 1/2(n—1), there exists a unique short time solution of the RB—flow with any initial metric on
a compact manifold.

However, the problem of knowing whether the “critical” Schouten flow

9 _
at? =
9(0) = g0

. R
—2Rict T 99 (3.2)

when p = 1/2(n—1), admits or not a short time solution for general initial manifolds and metrics
remains open, when n > 3.

In Section 3.2 we compute the evolution equations of the curvature tensors under the RB—flow,
in order to find geometric conditions preserved by the flow in Section 3.3 and to understand the
long time behaviour of the solutions in Section 3.4. Section 3.5 is devoted to describing some
results on self-similar solutions of the RB—flow, called solitons.

All the theorems of this chapter and some of the results of the next chapter, in Section 4.1, can be
found in [18], written by the author with Catino, Djadli, Mantegazza and Mazzieri.

28
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3.1. Short time existence

The evolution problem (3.1) involves a quasilinear second—order differential operator Lg =
—2(Ric — pRg), which, as for the Ricci flow and the renormalization group flow, has some degen-
eracies, due to the invariance of the curvature tensors by the action of the group of diffeomor-
phisms of the manifold M (see Lemma 1.3.1). In the present section we establish the short time
existence, for p < 1/2(n — 1), using again DeTurck’s trick presented in Section 1.3.

By the general theory of non linear parabolic PDEs, briefly recalled in Section 1.2, it follows
that the evolution equation £¢g = Lg admits a unique smooth solution for short time if the
linearized operator around the initial data is uniformly strongly elliptic, that is, if its principal
symbol o¢ (DL, ) satisfies condition (1.3).

We will see that if p < 1/2(n — 1), then the principal symbol of the linearized operator is non
negative definite, but the only zero eigenvalues are due to the diffeomorphism invariance of the
geometric flow, while all the others are actually uniformly positive, hence we can cut out the de-
generacies by means of DeTurck’s trick. Instead, in the case of the Schouten flow p = 1/2(n — 1),
the principal symbol contains an extra zero eigenvalue besides the ones due to the diffeomor-
phism invariance, preventing this argument to be sufficient to conclude and to give a general
short time existence result.

We mention that the presence of this extra zero eigenvalue should be expected, as the Cotton
tensor, which is obtained from the Schouten tensor as follows

Cijk = ViRij — VR = ViRy; — VR, — (ViRgi; — V;Rair) »

1
2(n—1)
satisfies the following invariance under the conformal change of metric g = e*“g,

63u6ijk = Cijk +(n—- Q)Wijklvlu
see [20, Equation 3.35]. Recently, Delay [32], following the work of Fischer and Marsden, gave
some evidence on the fact that DeTurck’s trick should fail for the Schouten tensor.

We start computing the linearized operator DL, of the operator L at a metric go. The Ricci
tensor and the scalar curvature have the following linearizations (see [5, Theorem 1.174] or [77]).

1
DRngO (h),k = 5 ( — Al — Vivktr(h) + Vinhtk + VkVthit> + LOT,

DRy, (h) = —A(trh) + V*V'hg + LOT,

where, as usual, we use the metric gy to lower and upper indices and to take traces and LOT
stands for lower order terms.

Then, the linearization of L around gy, for every bilinear form h € S?(M), is given by

DLQO (h)ik = _2(DR1C90 (h)ik - pDRgo (h) (QO)ik) +LOT
= Ahj + Vintr(h) — Vivthtk — Vkvthit
—2p(A(trh) — V*V'hy) + LOT.
Now, we obtain the principal symbol of the linearized operator in the direction of an arbitrary

cotangent vector £ by replacing each covariant derivative V,, appearing in the higher order
terms, with the corresponding component &,,

0e(DLgy)(R)ire = &&hik + &iutrgy (h) — &€ My — Ex€lhig (3.3)
—2p€"&trg, (h)(go)ir + 20E € s (90)ik-
As usual, since the principal symbol is homogeneous, we assume that |¢|,, = 1 and we perform
all the computations in an orthonormal basis {e;};=1,.., of T,M such that £ = go(e1, ), that is
& =0fori # 1.
Hence, we obtain,
af(DLgo)(h)ik‘ = hix + 0i10k1try, (h) = di1hk1 — dk1hin (3.4)
—2ptr90 (h)élk + ZPhll(sik ,
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that can be represented, in the coordinates system

(hlla h227 ey hnru h’l?) ey h1n7 h237 h247 ceey hnfl,n)
forany he S M, by the following matrix

0 1-2p o 1-2p
: Aln —1] 0 0
0
o¢(DLg,) = 0 0 0 ; (3.5)
0 0 | Idpm—1)(n—2)/2

where A[m] is the m x m matrix given by

1-2p —2p ... —2p
—2p 1-2p ... —2p
Alm| = : : . : : (3.6)
—2p —2p ... 1-2p

As we can easily see, there are at least n null eigenvalues, as expected, and (n — 1)(n — 2)/2
eigenvalues equal to 1. The remaining n — 1 eigenvalues can be computed by induction on the
dimension of A.

LEMMA 3.1.1. Let A[m) be the matrix written above. Then there holds
det(A[m] — Md,,) = (1 = A)™ V(1 —2mp — \).

PROOF. If we substitute to the first column the difference between the second and the first
column, we obtain the formula

det(A[m] — Ald,) = (1 — A)det (A[m — 1] = Ald(_1)) + (1 — A) det(B[m — 1])

where B[p] is the matrix

—2p —2p —2p

—2p 1—=2p—X ... —2p
Bpl=| . : N :

—2p —2p cen 1 =2p— X

Now if we apply the same process to B we obtain this other induction formula
det(Blp]) = (1 - A) det(Blp — 1]).
Therefore, since det(B[2]) = —2p(1 — A), we can combine the two equations to get
det(A[m] — Md,,,) = (1= A)det (A[m — 1] — Ad(,—1)) + (1 — X) det(B[m — 1])
(1-)) (( A) det(Afm — 2] — AId(_a)) — 2p(1 — A)mﬁ) —2p(1 — N)mD
= (1=N""2 det(A4[2] — Aldy) — 2p(m — 2)(1 — )M~V
(1 =XN"D (@ = 2mp - A).

O

By the previous lemma we deduce that the eigenvalues of the principal symbol of DL, are
0 with multiplicity n, 1 with multiplicity %2("72) and 1 — 2(n — 1)p with multiplicity 1.
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Now we apply again DeTurck’s trick to show that, if p < 1/2(n—1), the RB-flow is equivalent
to a Cauchy problem for a strictly parabolic operator, modulo the action of the diffeomorphism
group of M and we prove the following theorem.

THEOREM 3.1.2. Let p < 1/2(n — 1). Then, the evolution equation (3.1) admits a unique solution
for a short time on any smooth, n—dimensional, compact Riemannian manifold (M, go).

PROOF. Let V : T'(S?M) — T'(T'M) be DeTurck’s vector field defined by equation (1.8). As
the operator in the RB-flow Lg = —2(Ric — pRyg) is invariant under diffeomorphisms, by Propo-
sition 1.3.5, in order to show the smooth existence part we only need to check that D(L — %),
is uniformly strongly elliptic. By adding the two matrices representing the principal symbols of
DLy, and (D.%y),,, given respectively by equations (3.5) and (1.9), we can easily see that the
linearized DeTurck-Ricci-Bourguignon operator has principal symbol in the direction £, with

respect to an orthonormal basis {(£)*, ea, ..., e, }, equal to
1 —2p e —2p
: Aln —1] 0 0
0
05((D(L - "E’ﬂv)go) = 0 Id(n—l) 0 5
0 0 Id(—1)(n—2)/2

expressed in the coordinates system
(hllu h227 ey hnn7 h127 h137 sy h’lna h237 h247 ey h’nfl,n)

forany h € S?M.

By Lemma 3.1.1, this matrix has w — 1 eigenvalues equal to 1 and 1 eigenvalue equal to
1 —2(n — 1)p; therefore a sufficient condition for the existence of a solution is p < ﬁ More-
over, by Proposition 1.3.6, we also have uniqueness of the smooth maximal solution of the Ricci-
Bourguignon flow and this concludes the proof of Theorem 3.1.2. O

3.2. Evolution equations of the curvature tensors

In this section we first compute the evolution equation of the curvature tensors during the
RB—flow and then we apply Uhlenbeck’s trick described in Section 1.4 in order to get simpler
evolution equations for the Riemann tensor and the curvature operator.

As the metric tensor evolves according to equation (3.1), it is easy to see, differentiating the
identity g;;¢7' = 4!, that
0

ggjl = 2(Ricjl — pjol). (3.7)

It follows that the canonical volume measure dy, satisfies

0 0 W Vdetgig? &g n
&dug = &\/det 9ij " = %Z = (np—1)Ry/det g;; " = (np—1)Rdpg . (3.8)
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Computing in a normal coordinates system, the evolution equation for the Christoffel sym-
bols is given by

Opi _Lal 0 (0 9 (o, N_90 (9
ot ik~ 29 {a z; <at~"“> * ok (ar"”) Dy (atgf’“>}
+13u{3 +3,3_}
20ty 92,7 T 9z T 0wt

1 0 0 0
=39 {V; (atgkz> + Vi (atg;z) -V <8t9ﬂc>}
= — ¢" {V;(Ru — pRgwt) + Vi(Rji — pRgj1) — Vi(R; — pRgjx)}
= — VR, — ViR} = V'Rji + p(V,;R6}, + Vi R3: + V'Rgj) -
PROPOSITION 3.2.1. During the Ricci—-Bourguignon flow of an n—dimensional Riemannian mani-

fold (M, g(t)), the Riemann tensor, the Ricci tensor and the scalar curvature satisfy the following evolution
equations.

%Rijkl = ARjjr +2(B(Rm)jp — B(Rm)ju, — B(Rm)iyx + B(Rm)p;i) (3.9)
— ¢" (RpjuiRai + RipuiRaj + RijpRar + RijipRar)
— p(ViViRgj — ViViRgik — V;ViRga + V; ViR gix)
+2pR Rijri
where the tensor B is defined as B(Rm); i1 = g"79" RipjrRiqis

0

aRik = ARzk + Qqugrs pirqus - ZQPququk (310)
—(n—2)pV; ViR — pAR gi, -
a . 2 2
BtR = (1-2(n—1)p)AR + 2[Ric|* — 2pR?. (3.11)

PROOF. The following computation is the analogous to the one for the Ricci flow performed
by Hamilton in [49].

From the first variation formula for the (4, 0)-Riemann tensor (see [5, Theorem 1.174] or [77])
aRm(XJ/,VV,Z = 5( (Rm(X,Y)W, Z) — h(Rm(X,Y)Z, W))
3 (VEwh(X. 2) 4 Vi h(Y.W) - Vi h(Y. 2)
where X, Y, W, Z € T'(T M) are vector fields and h = % g
Along the RB-flow h = —2(Ric — pRyg), therefore
0

— XYW, Z) =
~Rm(X, Y, W.Z)

- v%’,Zh(Xv W)) )

—Ric(Rm(X, Y)W, Z) + Ric(Rm(X,Y)Z, W) + 2pRRm(X, Y, W, Z)

~Vy.wRic(X, Z) — VX zRic(Y, W) + Vi wRic(Y, Z) + V3§, ;Ric(X, W)

+p(VywRe(X, Z) + VX zRg(Y, W) = VX wRy(Y, Z) — Vi zRg(X, W)) .

By using the second Bianchi identity and the commutation formula for the covariant derivatives
we obtain the following equation for the Laplacian of the Riemann tensor

ARm(X,Y,W,Z) = -ViyRic(X,Z)— V% zRic(Y, W)+ Vi wRic(Y, Z) + V3. ;Ric(X, W)

—Ric(Rm(W, 2)Y, X) + Ric(Rm(W, 2)X,Y)
—2(B(Rm)(X,Y,W, Z) — B(Rm)(X,Y, Z, W)
+B(Rm)(X,W,Y, Z) — B(Rm)(X, Z,Y,W)).
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Plugging in the evolution equation this last formula we obtain

%Rm(X, Y,W,Z) = ARm(X,Y,W,Z)+p(V*R 0 g)(X,Y,W,Z)

+2(B(Rm)(X,Y, W, Z) — B(Rm)(X,Y,Z,W)

+B(Rm)(X,W,Y, Z) — B(Rm)(X, Z,Y,W))

—Ric(Rm(X, Y)W, Z) + Ric(Rm(X,Y)Z, W)

—Ric(Rm(W, 2)X,Y) + Ric(Rm(W, Z2)Y, X) + 2pRRm(X, Y, W, Z),

which is (3.9) once written in coordinates.
For the Ricci tensor, the first variation formula is obtained from the previous one

0 .
aRlc(X, w)

tr(ng(X - VV7_)) = (h(=,=), Rm(X, =W, =))

-5 (VX wtr(h) + AR(X, W) = Vx (6h) (W) = Vi (§(h)) (X))
—%tr(h«x, CIW.=) 4 B, =)=, W) + (W, )X, =) + h(W, =)=, X)),

where we have omitted the g-dependence in the trace tr and the divergence ¢ operator. Once
plugged in the variation of the metric, the evolution becomes

2Ric(X, W) = (1-np)ViwR+ ARic(X,W) - pARg(X, W) — (1 - 2p)V% wR

ot
+2(Ric(—, =), Rm(X, —, W, =)) — 2(Ric(X, —), Ric(W, —-)),

where we have used the contracted Bianchi identity éRic = VR/2 and the symmetries of the
Riemann tensor.

In the same way, the evolution equation (3.11) for the scalar curvature is obtained from the gen-
eral first variation

0. 0 . Sy 2 .
&R tr(atRlc) — (h,Ric) = —Atr(h) + §°h — (h, Ric) ,

with the evolution of the metric of the RB—flow. O

3.2.1. The evolution of the Weyl tensor. By means of the evolution equations found for the
curvatures, we are also able to write the equation satisfied by the Weyl tensor along the RB-
flow (3.1). In [19] the authors compute the evolution equation of the Weyl tensor during the Ricci
flow and we use most of their computations here.

PROPOSITION 3.2.2. During the Ricci-Bourguignon flow of an n—dimensional Riemannian mani-
old (M, g) the Weyl tensor satisfies the following evolution equation
Yy 8 q

0

&Wijkl = AWin +2(B(W)ijre — B(W)ijie — BOIW)itji + B(W)ixji) (3.12)

+2pRW i1 — g7 (WpjriRgi + WipkiRaj + WijpRar + WijapRa1)

2 .2 1 . .
er(RIC B 9)ijki + ﬁ(RlC@Rw)mkl
2R |Ric/?
——— _(Ric® g)ijn + —(g®g ikl
=2y e @0kt ¥ Ly o (90 9)y

where we denote with @ the Kulkarni—-Nomizu product, defined in Section 1.1.

PROOF. By recalling the decomposition formula for the Weyl tensor (1.2) we have

0 0 1 0
v e

0
o = o S T T

ot

g@g) (gtRl(:@g—lec@gt ) =Lir+Lo,
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where L;; is the second order term in the curvatures and £ the 0-th one. We deal first with the
higher order term; plugging in the evolution equations of Rm, Ric and R we get

1—2(n—1)p
2(n—1)(n —2)
(ARic® g — (n — 2)pV?*R ® g — pARg ©® q)

—2(n—-1)p+2(n-1)
2(n—1)(n —2)

L;r = ARm - p(V?Rog)+ ARg®Dg

n—2

1
= ARm +

1
PARg®g— ——ARico g
n—2
= AW.
Then we consider the lower order terms

(Lo)ijrr = 2(B(Rm)gjp — B(Rm)iju — B(Rm)jx + B(Rm)ixji)
— 9" (RpjriRai + RiphiRyj + RijpiRar + RijepRar)

1 1
QR(W——R L )
+ep 2(n—1)(n—2) g®g+n_2 1By ijkl
1
— = (9|Ric]? — 2pR? — 4RRi 4pR? y
+2(n71)(n72)(\ ic|"g®g—2pR°gDg ic®g+4pR°g ® g)ijni
1

[2(Rm * Ric) ® g — 2Ric?> ® g — 2Ric ® Ric + 2pRRic ® g;jx

n—2
= 2(B(Rm)jjp — B(Rm)gji — B(Rm)x + B(Rm)ix; i)
—g"(RpjriRqi + RipriRas + RijpiRak + RijepRar) + 20RW ik

2
- 2[(Rm* Ric) ® g — Ric® ® g — Ric ® Ric];jn
2R . |Ric|?
5 R ikl ¥ 5% ijkl
(n—l)(an)( ic® g)ijr + (nfl)(n—Q)(g@g) jkl

where (Rm * Ric) gy = RappgRstg?°g?" and (Ric®)ap = RapRipgg??

Now we deal separately with every term containing the full curvature Rm, using its decompo-
sition formula, expanding the Kulkarni-Nomizu products and then contracting again. We have
that

[(g ® g) * Riclap = 2[Rg — Ric]ap , [(Ric ® g)  Riclap = [—2Ric? + RRic + |[Ric|?gas -

Hence

2
n—2
nR (n — 1)|Ric|? — R?

HCEDCEr R Ty ey

(Rm*Ric)®dg = (W=xRic)®g— Ric’® g (3.13)

gbdg.
Then

R
RyiRpjrig"™ = Ry (ijkl - m(gpkgjl - gplgjk))gpq
1
o5 Rai(Rprgit + Rigpr — Rpugje — Ringp)g™

2
= RuWpjmgh? — $(Rik9‘l —Ragjr)
q pj (n _ 1)(n _ 2) J J

1
-‘rm(R?kgjl — R gk + RieRyji — RuRjx) -
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Interchanging the indexes and using the symmetry properties we get
gP? (Rpjkqui + Ripkquj + Rijleqk + Rijkqul) (3.14)
= g" (WpniRgi + WipkiRgj + WijpiRar + WijiyRar)

+ %(R1C2 D g)ijkl + %(RIC D Ric)ijkl — %(RIC D g)ijkl .
Finally the ” B”-terms:
B(Rm)aped = (W L _ing+ —Rico g)
2(n—1)(n —2) n—2 apbq
R 1 . ps gt
(- dn—1n—29%9" gRie0g) o,

(Wapbg(9 ® 9)esart (9 O 9)apbgWesar) 97°9% = —2Waape — 2Wepda
(Wapbg(Ric @ g)esar+ (Ric ® g)appgWesat) 97° 9% = (W * Ric)apged + (W * Ric)cagab
— (WepapRag + WepaaRog + WaaspReqg + WapnaRaq) 9P
(90 9)appa(g O 9)esarg” 9" =4((n — 2)gabged + GacTba) »
(Ric ® 9)apbq(9 ® g)esar+ (Ric ® g)csat (9 ® 9)apvq) 979"
=2((n — HRicapgea + (n — 4)Riccagab + 2Ricacgoa + 2RiChigac) ;
(Ric ® 9)abpg(Ric ® 9)csarg” 9" = — 2R%;gea — 2R2qgab + Ricgba + RiyGac
+ (n — 4)RapRed + 2RacRod + R(Rapged + Reagas) + [Ricgapgea -

Now, adding the same type quantities for the different index permutations and using the sym-
metry properties of W we obtain

B(Rm);jr — B(Rm);ji — B(Rm)ij6 + B(Rm)ikj = B(W)ijre — B(W)ijie — B(W)iji + B(W)irji

(3.15)
1 1 1
+ 7“ — 2 ((W % RIC) @ g)i]—kl - W(RICQ @ g)ijkl + m(RIC @ Ric)ijk:l
R : |Ric|? R?
o ap 0 9in + (3, g5 ~ 25 Ty —ap) WO D

We are ready to complete the computation of the 0—th order term in the evolution equation, using
the previous formulas (3.13), (3.14), (3.15)

(Lo)ijikt = 2(B(W)ijww — B(W)ijie — BOIW)itjr + B(W)ikji) + 20RW
—g1 (ijkqui + WiprRg; + WijpRgr + Wijkqul)

2 Ly 1

+W(Rlc O g)zjkl + m

2R . R? — |Ric|?
m(mc B g)ijk + (n_l)(|n_|2)2(9 B 9)ijkt -

(RiC D) Ric)ijkl

O

3.2.2. Uhlenbeck’s trick and the evolution of the curvature operator. In this subsection we
want to compute the evolution equation of the curvature operator, as it was done for the Ricci
flow by Hamilton in [50]. First of all, we simplify the expression of the reaction term in the evo-
lution equation (3.9) of the Riemann tensor by means of the so called Uhlenbeck’s trick. The trick
is described in Section 1.4 from several points of view.

This method was first used by Hamilton in order to understand the long time behaviour of the
Ricci flow starting from a compact 4-manifold with positive curvature operator. More recently,
in [7], Bohm and Wilking have applied the same strategy to a compact n-dimensional manifold
with positive curvature operator to find cones in the space of algebraic curvature operators (see
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Appendix A) preserved along the Ricci flow and ultimately prove the convergence of the nor-
malized Ricci flow to a metric of (positive) constant curvature.

Along the same lines, in [13] Brendle and Schoen proved the differentiable version of the Rauch-
Berger-Klingenberg 1/4-pinched sphere theorem. The major benefit of this approach is the pow-
erful tool given by the Lie algebra structure of A%*(T),M), that allows to find new and more
pinched preserved cones from the existing ones (see [7, Sections 2 and 3] and the PhD thesis
of Nguyen [65, 66]).

As a first step, given a solution g(t), ¢ € [0,T) of the Ricci-Bourguignon flow with initial
metric g, we recall the family of bundle isometries {¢(¢)} : (V,g0) = (T'M, ¢g(t)) defined by the
Cauchy problem (1.11), that, specialized to the RB—flow, becomes

20(t) = (Ricy(n))f o o(t) — pRy(nyo(t)
{ 20 = dgar o0 (3.16)

Then we consider Pm € T'((V*)?), the pull-back of the Riemann curvature tensor via this fam-
ily and we already know, by Proposition 1.4.7, that Pm has the same symmetry and positivity
properties of Rm; in the following proposition we state the evolution equation of this pull-back
tensor.

PROPOSITION 3.2.3. Let Pm(t) = o(t)*(Rmg ) during the RB—flow (g(t)). Then Pm(t) satisfies
the following evolution equation

0

a(Pm)abcd = Ap(Pm)aped — p(*(VR) ® go)abed (3.17)
+2 (B(Pln)abcd - B(Pm)abdc + B(Pm)acbd - B(Pm)adbc) - 2pP(PIn)abcd )

where A p is the rough Laplacian associated to the family of pull-back connections D(t) (see Lemma 1.4.6),

B is defined in the same way as in equation (3.9) for every (4,0)—tensor on V and P(t) = Ry is the
double trace with respect to go of Pm(t) (see Proposition 1.4.7, point (3)).

REMARK 3.2.4. On the right hand side of equation (3.17) there appears the term ¢*(V2R), i.e.
the pull-back of the Hessian of the scalar curvature, seen as a symmetric 2-form on the tangent
bundle, that cannot be expressed in terms of the connection D(?).

PROOF. Let (1,...,(4 be sections of V; then combining the evolution equations of the Rie-
mann tensor (3.9) and of the bundle isometry ¢ (3.16) we obtain

Q(Pm)(gl, s G) = et (%Rm) (CryeveyCa) + Rm(%(<1)v ©(C2), p(C3), SO(C4)) +...

ot
= " (AgRm)(Cr, -, G) = p" (VPR O 9) (G-, Ca)

—Rum(Ric? 0 (G1), 9(G2), 9(Ga) 2(C) ) + -

+Rm  (Ric* 0 9 — pRe) (C1), (C2), 9(Gs), 9(Ca)) + -

= Ap(Pm)(Ci, .-, ¢) = p(@* (VZR) ® g0) (C1y -+, Ca)
+2B(Pm)(<1a .. '7(4) - 2pPPm(<1a .. '7(4)a

where we used several computations done in Section 1.4. For (3, . . ., (4 belonging to a local frame
we get the desired equation (3.17). O

Letnow P € Cy(V) be the algebraic curvature operator (see Appendix A), defined by poP =
R o . Again, by Proposition 1.4.7 we have that for every p € M and ¢t € [0,T) the tensor P(p, t)
has the same eigenvalues of the “real” curvature operator R(p,t); in particular P is positive
definite if and only if R is positive definite. Moreover, by the computations carried out in Ap-
pendix A, the reaction term is nicely expressed in terms of P. Therefore, combining the evolution
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equation (3.17) of Pm with the formulas proved in Appendix A, we find the evolution equation
of P.

3 t7> ApP — 2pp* (Vitrg, (P)) © go + 2P* + 2P# — dptry, (P)P, (3.18)

where try, (P(t)) = 1/2R(y) is half of the scalar curvature of the metric g(t), by Proposition 1.4.7,
point (3) and equation (A.3).

REMARK 3.2.5. As we already said, the small conceptual complication arising from Uhlen-
beck’s trick is widely repaid: first of all the evolution equation (3.18) satisfied by P allows a
simpler use of the maximum principle for tensors as the reaction term is nicer and the metric on
I'(S?(A%V*)) is independent from time. On the other hand, the subsets of I'(S?(A2V*)) preserved
by this PDE really correspond to curvature conditions preserved by the RB—flow.

3.3. Conditions preserved in any dimension

In this section we use the maximum principle, as stated in various formulations in Section 1.5,
in order to find curvature conditions which are preserved by the Ricci-Bourguignon flow.
We begin by considering the evolution equation of the scalar curvature (3.11), which, under the
usual hypothesis on p about short time existence of the RB-flow, behaves exactly like the scalar
curvature evolving by the Ricci flow.

PROPOSITION 3.3.1. Let (M, g(t))+e[o,7) be a maximal solution of the RB—flow (3.1). If p < 2(n L

the minimum of the scalar curvature is non decreasing along the flow. In partzcular if Ry0) > a for some

a € R, then Ry() > a for every t € [0,T). Moreover if a > 0 then T' < 5=

PROOF. As |Ric|? > R?/n, from equation (3.11) we obtain that the scalar curvature satisfies
the following differential inequality:

%R >(1-2(n—1)p)AR+ = (1 —np)R2.
As p < 1/2(n — 1) < 1/n, the second order operator above is a positive multiple of the metric
Laplacian and the O0—order term is strictly positive, then by Hamilton’s trick (see [50], [63, Lemma
2.1.3]) we obtain that the minimum of the scalar curvature is non decreasing along the flow, hence
Ry) > a for every t € [0,T). Moreover, by applying the weak scalar maximum principle 1.5.1
and comparing with the solution of the associated ODE, we obtain

no
Rypy > —mrr—— 3.19

9 = = 2(1 — np)at (319

that, for a > 0, gives the estimate on the maximal time of existence. O

REMARK 3.3.2. In the special case of the Schouten flow (wWhen p = 1/2(n — 1)), actually there
holds
0 n—2
“R>_ -
atR “n(n-1)
at every point of the manifold, which implies that the scalar curvature is pointwise non decreas-
ing and diverges in finite time.

R2

REMARK 3.3.3. By means of the strong maximum principle, it follows that if the initial man-
ifold has non negative scalar curvature then either R, ;) > 0 for every ¢ or Ry(;) = 0 for every ¢. If
the latter is the case, by the evolution equation of the scalar curvature (3.11) we get |Ricy )| = 0,
therefore either the manifold is Ricci—flat (Ric = 0) or the scalar curvature becomes positive for

every positive time under any RB—flow with p < W

PROPOSITION 3.34. Let (M, g(t)), t € (—o0,0] be a compact ancient solution to the RB—flow (3.1).
Ifp<s 1), then either R ;) > 0 forall t € (—o0,0], or Ricyy = 0 forall t € (—o0,0].
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PROOF. As g¢(t) is an ancient solution, for every ¢ > 0 we can define g.(s) = g(s — ¢), which
is a solution of the RB-flow on [0, ¢]. As the scalar curvature is bounded on a compact manifold,
we have Ry gy > a for some negative constant a, hence, from (3.19),

n n

>
Ry.(s) 2 n(a)~1 —2(1 —np)s - 2(1 —np)s

on M for every s € (0,c|. Since we only translated time by a constant, we obtain for every
te(—c,0landp e M

n

Ry =R >
g(t) ge(t+c) = 2(1 — np)(t + c)

By taking the limit as ¢ — +o00, we conclude that R ;) > 0 for every ¢ € (—oc, 0] and the previous

remark implies the result. U

The evolution equation (3.9) of the Riemann tensor has some mixed products of type Rmx*Ric

which make difficult to understand the behaviour of the reaction term. As remarked before, if
we perform Uhlenbeck’s trick, the evolution equation (3.17) becomes a little nicer and can still be
useful to understand how the RB—flow affects the geometry.
More precisely, we use the evolution equation (3.18) of the pull-back of the curvature operator
P € T'(S%(A%V™)) to prove that the cone of non negative curvature operators is preserved by the
Ricci-Bourguignon flow, that is, the RB—flow preserves non negative sectional curvature in any
dimension.

PROPOSITION 3.3.5. Let p < 1/2(n — 1) and (M, g(t)):co,r) be a solution of the RB—flow (3.1),
such that the initial metric go has non negative curvature operator. Then Ry > 0 for every t € [0, 7).

PROOF. We recall the evolution equation (3.18) for P = ¢ ' o Ro ¢

%7’ = ApP — 2pp* (Vtry, (P)) ©® go + 2P* + 2P# — dptry, (P)P,

where try, (P(t)) = 1/2Ry(y) is half of the scalar curvature of the metric g(t) (see Appendix A). By
Proposition 1.4.7, it suffices to show that the non negativity of P is preserved by this equation.
We want to apply the vectorial maximum principle 1.5.5, therefore we show that

L(Q) = ApQ — 2pp* (V?tr4,(Q)) ® g0

is a uniformly strongly elliptic operator on the bundle (S?(A%V*), go, D(t)).

As L is a linear second order operator, we compute as usual its principal symbol in the arbitrary
direction £. In order to simplify the computations, we choose opportune frames at every point
p € M and time t € [0,T). Then, let {e;};=1,... , be an orthonormal basis of (V,, (go),) such that
& = (go)p(e1,-). According to Uhlenbeck’s trick (Section 1.4) and the convention on algebraic
curvature operators (Appendix A) we have that {e; A e;}i<; is an orthonormal basis of A%V,
{fi = ¢(t)p(€s) }4y,...n is an orthonormal basis of T, M with respect to (¢(t)), and the components
of (t), with these choices are ¢ = 6. Hence, the principal symbol of the operator L written in
these frames is

oe(LQ) iy =  EPEQqiz ) — 200107070 tr4, (Q)(E ® & ® g0)(ab)(ca)
= [EPQuij) k) — 2014, (Q) (€ ® E B g0) (i) (k1)

= Qi —20( D Quan ) 5104051

r<q
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where we used that || = 1,47 < j and k < [ in the last passage. Now it is easy to see that the
matrix representing the symbol has the following form

—2p ... 2p
Aln—1] 0
—2p ... —2p
o¢(L) = 0 Id(—1)(n—2)/2 0 ’
0 0 Idy(nv=1)/2

where we have ordered the components as follows: first the n — 1 ones of the form (1;)(15) with
j > 1, then the (n — 1)(n — 2)/2 ones of the form (ij)(ij) with 1 < i < j, and last the N(N —1)/2
“non diagonal” ones, with N = n(n — 1)/2 and A is the matrix defined in equation (3.6).

By Lemma 3.1.1, the eigenvalues of the symbol are 1 with multiplicity N(N +1)/2 —1and 1 —
2(n — 1)p with multiplicity 1, hence, under the hypothesis of short time existence of the RB-flow
p < 1/2(n — 1), the operator L is uniformly strongly elliptic.

In the second part of the proof we consider the reaction term F(Q) = 2(Q? + Q% — 2ptry, (Q)Q).
Clearly F is continuous, locally Lipschitz and fiber—preserving. Let Q@ C Cy(V') be the set of
non negative algebraic curvature operators (see again Appendix A), we observe that Q = {Q :
AN (Qp) > 0}, where N = n(n — 1)/2 and Ay is the least eigenvalue of @,. Hence, 2 is clearly
closed; by Lemma 1.5.7, it is invariant under parallel translation with respect to every connection
D(t) and it is convex, provided that the function @, — An(Q)) is concave. We can rewrite

AN(@p) = 90(@p(v),v);

inf
{veA2V, 1 |ulgo =1}

so it is easy to conclude, by the bilinearity of the metric gy and the concavity of inf, that the
function defining (2 is actually concave and so its superlevels are convex. In order to finish the
proof, we have to show that the ODE dQ/dt = F(Q) preserves 2. Now, by standard facts in
convex analysis, we only need to prove that

Fy(Qp) € T, for every p € M such that Q, € 99,
where 99, = {Q, € Q, : Jv € A%V}, such that Q,(v,v) = 0} and the tangent cone is
To, = {Sp € Sz(AQVP*) . S, (v,v) > 0 for every v € A?V,, such that Q,(v,v) = 0}.

Let v € A%V, and {0, } be respectively a null eigenvector of ), and an orthonormal basis of A%V,
that diagonalizes @,,. Clearly,

v =10, (@pas = Aabap ,
with A\, > 0. Then
1 v
(QDas = N2as s (@f)as = 3(e2) M Mg
and )
Ep(@p)(0,0) = Xo(0%)7 4 5 (2 A A (v7)7 2 0,
this completes the proof. O

As in the Ricci flow, there can be other preserved cones in the space of algebraic curvature
operators (see [76] for a detailed survey of the subject) and this can be a future line of research
to understand the long time behaviour of the RB—flow. At the same time, the evolution equa-
tion (3.10) for the Ricci tensor has the same reaction term as in the Ricci flow, therefore it contains
some mixed products of type Rm * Ric and it cannot be treated in any dimension without further
hypotheses, while in dimension three it keeps the good features well known for the Ricci flow.
The 3—-dimensional case, in particular when the Ricci tensor of the initial metric is positive, will
be addressed in the next chapter.
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3.4. Curvature estimates and long time existence

In this section we prove that a compact solution of the RB-flow existing up to a finite maximal
time 7" must have unbounded Riemann tensor when ¢ — T' (Theorem 3.4.4).
First of all we observe that, similarly to the Ricci flow, the RB—flow enjoys the property that, given
a uniform bound on the norm of the Riemann tensor on M x [0, T'), one has a priori estimates on the
covariant derivatives of the Riemann tensor for any time ¢t > 0. However, unlike the Ricci flow,
the pointwise norm of the Riemann tensor does not satisfy a heat type equation (see computation
below), which makes pointwise estimates on |V*Rm)| difficult, so we have to look for integral
bounds. Nonetheless, we are able to prove the following Bando-Bernstein-Shi type estimates.

THEOREM 3.4.1. Assume p < ﬁ If g(t) is a compact solution of the RB—flow for t € [0,T")
such that

sup  [Rm(a,t)] < K,
(z,t)eM x[0,T)

then for all k € N there exists a constant C(n, p, k, K, T) such that for all t € (0,T)
k 2 _C 2
[VFRmy [l < - sup [[Rmgqll3-
t* tefo,1)

In order to prove the above estimate we work out the evolution equations of the integrals of
the squared norm of the covariant derivatives of the Riemann tensor and of the scalar curvature.

LEMMA 3.4.2. Let g(t) be a compact solution of the RB—flow for t € [0,T). Then, for any k € N
there holds

d
— V*Rm|?d

—2/ |vk+1Rm|2dug+4p/ |VEHR2 dpy, (3.20)
M M

+ 0y /Vij*VlRm*VkRmdug
j+i=k, j,i>07M

d
G [ REan, = <22 1) [T (321)
M M

+ > /Vij*VlRm*VkRmdug.
jti=k, j,i>07M

PROOF. Starting from the evolution equations of the scalar curvature (3.11) and the Riemann
tensor (3.9), by a direct computation we get

%RQ = 2R %R =2(1-2(n — 1)p)RAR + 4R(|Ric|® — pR?)
= (1-2(n—1)p)AR?) —2(1—-2(n—1)p)|VR|? + Rm * Rm * Rm,
%|Rm\2 = 2<Rm,%Rm> + Rm * Rm %« Rm

= 2(Rm, ARm) — 2p(V?R ® g,Rm) + Rm * Rm * Rm
= AJRm|? — 2|[VRm|?* — 8p(V?R, Ric) + Rm * Rm * Rm,

where the last term contains both the 0-th order term in the evolution of Rm and the term coming
from the time derivative of the metric. It follows, by the divergence theorem and integration by
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parts, that
d

— [ R*dp, = —2(1—2(n—1)p)/ |VR|2dug+/ Rm * Rm * Rm dy,
dt Jor M M

d 2
— Rm|“d
dt ~/]\/I ‘ | Ha

—2/ |VRm|? dp, —8p/ (V?R, Ric) du,
M M
+/ Rm * Rm * Rm du,

M

- _2/ |VRm|2dug+4p/ |VR|2dpg+/ Rm * Rm * Rmdp,
M M M

where in the last equation we used the contracted Bianchi identity 26Ric = VR.
To prove the general evolution equations, we use several times the following commutation for-
mulas which hold for a general tensor 1" during the RB-flow

0
[a,V]T: VRm*T, [A,V]T =Rm*VT +VRm*T, [V;,V,;]T=Rm=*T,
where we denote with [ , ] the commutator between two differential operators, i.e. [L,L'|(T) =

L(L'(T)) — L'(L(T)).
We write in detail only the computation for the Riemann tensor and, at each step, we collect every
possible term in the expression Y, ;5o V/Rm * V!Rm * VFRm.

%|V’“Rm|2 - 2<%VkRm,VkRm>+Rm*VkRm*VkRm

- 2<V’“%an,kam> + Y. VRmxV'Rm:VRm
jHl=k,j,1>0
= 2(V*ARm, V*Rm) — 2p(V*(V?R ® g), V*Rm)
+ ) V/Rm*V'Rm*V'Rm
j+l=k, §,1>0
= 2(AV*Rm, V*Rm) — 8p(V*V?R, V*Ric)
+ ) V/Rm*V'Rm*V"Rm
jHI=k, 4,I>0
= A|V*Rm|* - 2|V*"Rm|?
—8p(V2V*R,V*Ric) + > V/Rm* V'Rmx V*Rm.
Jj+i=k,j,1>0

To simplify the integral evolution we use again the commutation formulas, the divergence theo-
rem and the contracted Bianchi identity.

d
7/ \V*Rm|*dp, = /§|V’€Rm\2dug+/ Rm * VFRm * V*Rm dp,
= =2 [ |V*'Rm|*dpu, +8p / (VV*R, VV*Ric) dp,
M M
+ > V/Rm * V'Rm + V¥R dy,
j+i=k, j1>0" M
= —2/ |Vk+1Rm|2dug+8p/ (VFVR, V¥6Ric) du,
M M
+ > / V/Rm * V'Rm % V¥Rm dp, .
M

J+i=k, j,1>0
O

PROOF OF THEOREM 3.4.1. We follow [29, Chapter 7] and prove the theorem by induction
on k € N. In the previous lemma we computed the (integral) evolution equation (3.20) of the k-th
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covariant derivative of the Riemann tensor. Since the (k + 1)-th covariant derivative of the scalar
curvature there appears, we cannot control directly the L?-norm of V¥Rm, instead we consider

1“2‘ /
k 2 k 2

Now, we set f1(t) = Ao + ft.A1, where 8 > 0 is a constant to be determined later. By a straight-
forward computation, we have

i) = Aj+ BAL + BtA]

= 72/ |VRm|2dug+(4p—8|p|)/ |VR|2dug+/ Rm * Rm * Rm dy,,
M M M

4lp|
2 2
— 7 d
+B</M|VRH1I dug+1_2(n_1)p /MIVRI ug)
+Bt<—2/ |V2Rm|2dug—|—(4p—8|p|)/ |V2R\2dug+/ Rm*VRm*VRmdug>
M M M
— 25t [ VR du, + Bt~ Slol) [ VR du,
M M

4lplB / 2
-2 2d 4p — —_— d
(~2+8) [ VRl dy + (40 = Slol + =520 ) | TR dy
+/ Rm*Rm*Rmdpg—i—ﬁt/ Rm * VRm * VRm djg .

M M

Now, we observe that in the first row of the last equation there are two non positive quantities,
while for the last row, using the assumption on the boundedness of |[Rm|, we have

,Bt/ Rm * VRm * VRm dp, §61K5T/ |VRm|? dpsg -
M M

If we set 5 = min{(l —2(n—1)p) },we obtain

2
Y et KT+1
) < /M Rm * Rm * Rmdpu, < ca(p,n, K)||Rml|3 .

Finally, since f1(0) = Ay < c3(p,n)||Rm||3, by integrating the previous inequality, we get
1 Clp,n, K,T
VRIS < Ay < Z(R0) + sl K)ef Rimf) < EL2 D)

which is what we wanted to prove for k£ = 1.

[Rm3,

More generally, we want to control all the derivatives of the curvature, hence we assume that

iyi
ﬂ,' A;. We have,

k
the conclusion of the theorem is true up to (k — 1) and we define fi(t) = E
il

1=0

(ﬁAk F AL+ %Afc) . (3.22)

Bk_ltk_l
1)

k-2 giti
filt) =3 S (Ai+ BA) +
i=0

For the first k — 1 terms in equation (3.22), we observe that
A+ BAir = (=24 B)|IV Rmlf3

4lplB :
4 —8 1+1 2
# (10 810l + {522 ) IV R

+ Z / V/Rm * V'Rm * V'Rm dpg -
jHl=i,51>07 M
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Provided that 8 = min{2, (1—-2(n—1)p)}, we only need to estimate the last term. By Lemma 1.6.7
with p = +ocoand g =2, forany ¢ = 0,. .., k it follows,

[ VR« IR« VR < ()[R [ Rl < xR Rl (329
JHl=1i, ],l>0

Moreover, by the inductive hypothesis, for every i =0,...,k -1,

IRm7. = ZHWR ||2<Z 2 Rum 3

IN

. 1 Cg(i : .
Rl (€} 3 & = 32 5~
j=0

=0

where we point out the dependence of the constant only from the index i.
For the last term in equation (3.22), likewise we did for f1, we observe that

pt k 2 4lp|B kR112
/ Pl _
AR+ A1 + kAk: (=2+ B)IV*"Rml|z + | 4p — 8|p| + 1—2(n—1)p IVFRII3
+ > V/Rm * V'Rm * V¥~ 'Rm dp,

JHl=k—1,5,1>0"M

ﬂt
= 2|[V* I Rml[3 + (4p — 8l])[IVTIR3

+ > /VJRm*VlRm*VkRmdug>

JHl=k,5,1>0

t
< ( -2+ 8+ iq(k)K) [VFRm||3 + %q(k)KHRmH?{gﬂ
+ > / V/Rm * V'Rm % V¥~ 'Rm dp,
JHl=k—1,5,1>0
Bt k 2
< -2+ 8+ ?cl(k)K [V¥Rm||5
k—1
c3(k .
K Rm 32 S
§=0

where in the first inequality we used again equation (3.23) for i = k and separate the norm of
the k—th covariant derivative from the others, in the second one we used again the inductive
hypothesis.

Then we set 5 = min {2, (1-2(n—1)p), 01(16)2%} and the first term in the previous inequality

is non positive.
By means of the previous computations, we can estimate the right hand side of equation (3.22)
and we finally obtain

IA

, K 5Zt’b CQ N ; K R 5]6 1tk 1 k
Fi(t) ||Rm||22 . Zt + K |Rmll3 57 tk Z

=0
- C4(p7nak7K7T)HRmH2'
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As we did for f;, we integrate this last inequality and we get

k!
[Rml|3 <Ay < Wfk(t)

" Cp.n,k, K. T)
< W(fk(o) +tea(p,n, k, K, T)||Rm||§) < e

which completes the inductive step. The result follows by induction. O

[R|3

REMARK 3.4.3. In [18], there is a proof of this theorem without recurring to induction, by
using interpolation inequalities more similar to the ones proven by Hamilton in [49].

3.4.1. Long time existence.

In this subsection we use the global estimates of Theorem 3.4.1 to prove a result on long time
behaviour of solutions of the Ricci-Bourguignon flow. While the proof follows exactly the one
of Hamilton in [49, Theorem 14.1] for the Ricci flow, we are not able to show that the maximum
of the L*°—norm of the Riemann tensor goes to infinity for any sequence of times ¢; — 7. This
because, as already remarked, the squared norm of the Riemann tensor does not satisfy a heat
equation, therefore we cannot control it pointwise in time, as in the so called “doubling time
estimate” (see [29, Lemma 7.4 and Corollary 7.5], [30, Remark 6.4]). For the same reason, we are
not able to give a lower bound on the maximal time T" based on curvature of the initial metric go
(see [29, Corollary 7.7]).

THEOREM 3.4.4. Assume p < %. If g(t) is a compact solution of the RB—flow on a maximal
time interval [0,T), T < +oo, then

lim sup max [Rmg)| = +o0.
t-T M

PROOF. First of all we observe that, if the Riemann tensor is uniformly bounded as ¢t — 1" and
T < 400, then also its L?-norm is uniformly bounded, since from the previous computations,

4
Ao = R+ -

I U B 2

satisfies Ay < CAy.
Then, by Theorem 3.4.1, we get, for any j € N
IV/Rm|3 < C;.

By using the interpolation inequalities in Proposition 1.6.1, with p = oo and ¢ = 2, we immedi-
ately get the estimates
V' Rm[2x < Cjp s
J

forall j € Nand k > j. Therefore, by interpolation, the same result holds for a generic esponent
r, with the constant that depends on j and .
Now, let E; := |[V/Rm|?. Then, for all r < +o0o we have

/M (1B;]" + IVE;[") dpg < Cj,.
Thus, by Sobolev inequality, if > j, one has
max |E;|" < Ct/ (1E;1" + [VE;|") dpsg -
M

Notice that the constant C; depends on the metric g(¢) (in coordinates), but it does not depend
on the derivatives of g;;(t). Moreover, by [49, Lemma 14.2] it follows that the metrics are all
equivalent. Hence, the constant C; is uniformly bounded as ¢ — 7" and, from the previous
estimates, if |Rm| < C on M x [0,7)], for every j € N we obtain that

max |[V/Rm| < Cj,
M

where the constant C'; depends only on the initial metric g (in coordinates) and on the constant
C. Arguing now as in [49, Section 14], it follows that the metrics g(t) converge to some limit
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metric g(7") in the C*° topology (with all their time/space standard partial derivatives, once
written in local coordinates), hence, we can restart the flow with this initial metric g(7"), obtaining
a smooth flow in some larger time interval [0, 7'+ ¢), in contradiction with the fact that 7" was the
maximal time of smooth existence. This completes the proof of Theorem 3.4.4. O

3.5. Solitons

In this section we focus on self-similar solutions of the Ricci-Bourguignon flow. More pre-
cisely we state some results about gradient p—Einstein solitons, which arise as a natural modifi-
cation of gradient solitons of the Ricci flow.

DEFINITION 3.5.1. A gradient p—Einstein soliton is a Riemannian manifold (M, g), n > 3, en-
dowed with a smooth function f : M — R, such that the metric g satisfies the equation

Ric + V2f = pRg + \g, (3.24)

for some constants p, A € R, p # 0. The soliton is called trivial whenever V f is parallel. We say
that the p—FEinstein soliton is steady for A = 0, shrinking for A > 0 and expanding for A < 0. The
function f is called a p—Einstein potential of the gradient p—Einstein soliton.

REMARK 3.5.2. We point out that a trivial p—Einstein gradient soliton is an Einstein manifold
by Schur Lemma, that is, the metric g satisfies the Einstein equation Ric, = p g, with p = 1_’\np
when p # 1/n, or 4 = 0 when p = 1/n (in this case it must be A = 0).

The study of these objects can be carried out on its own, from a static point of view, starting
from the geometric and analytic properties determined by equation (3.24) (see [37] for the Ricci
flow case). This has been done by Catino and Mazzieri in [21] and their results motivated at
first our systematic approach to the Ricci-Bourguignon flow, started in this thesis. In some cases,
the authors extended properties already known for (gradient) Ricci solitons (p = 0) to other val-
ues of the parameter p, as in Theorem 3.5.8 below. Moreover, by proving an extra property for
p—Einstein solitons not generally shared by the Ricci solitons, namely the rectifiability (see Theo-
rem 3.5.6 and Remark 3.5.7 below), Catino and Mazzieri showed that their geometric structure is
even more rigid, see Theorem 3.5.12.

All the results of this section may be found in [21] and [22].

First of all, it is easy to show that gradient p—Einstein solitons give rise to solutions to the

RB-flow (3.1).

THEOREM 3.5.3 ([22]). Let (M, go) be a complete gradient p—Einstein soliton with p—Einstein po-
tential fo and Einstein constant \. Then, for every t such that T(t) := —2At+1 > 0, the family of metrics
g(t), given by

g(t) = 7(t)¢; 90, (3.25)
is a solution of the RB—flow with initial metric go, where ¢, is the 1-parameter family of diffeomorphisms
generated by

7] 1
i _ 90
PROOF. We set 7(t) = —2Xt + 1. As V9 f; is a complete vector-field, there exists a 1-

parameter family of diffeomorphisms ¢; : M — M generated by the time dependent family of
vector fields X (¢,-) := % (V9 fo)(¢e(-)), for every t such that 7(¢) > 0. We also set f; = fo o ¢
and g(t) = 7(t) ¢} go. We compute

0 2 0, ..

5790 = ~=salt) + (1) 3 (90).
By Lemma 1.3.3, we have %(qﬁgo) = .Z@rl)*x(t)(gbfgo). Using the fact that (¢; ). (V% fy) =
Vi (¢t fo) = VIO f,, we obtain

5790 = ~salt) + — Lo palt).
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Having this at hand, we compute

. N . «f 1
—Ricgy = ¢ (—Ricy,) = ¢ <2=2”vgofogo — Ago — PRy, 90)
1/ 1 2 p
= 3 (T(t)‘qu(“ftg(t) 7-(13))\g(t)) - %R(T(t)_lg(t)) g(t)
10 p
= 559@) - %R(T(t)_lg(t))g(t)
and we observe that R;(;)-141)) = 7(t) Rg(t). In other words, we have obtained
0 .
ag&) = _Q(Rlcg(t) - pRg(t) g(t)) s
and the proof is complete. U

Concerning the regularity of these structures we have the following result.
THEOREM 3.5.4 ([22]). A gradient p—Einstein soliton is real analytic, provided p # 1/n.

Now we recall some useful definitions to describe the geometric structure of p-Einstein soli-
tons.

DEFINITION 3.5.5. We say that a smooth function f : M — R is rectifiable in an open set
U C M ifand only if |V f|i7| is constant along every regular connected component of the level sets
of fir. In particular, it can be seen that f;; only depends on the signed distance r to the regular
connected component of some of its level sets. If U = M, we simply say that f is rectifiable.
Consequently, a gradient soliton is called rectifiable if and only if it admits a rectifiable potential
function.

The rectifiability turns out to be one of the main properties of the p-Einstein solitons, as we
state in the following theorem.

THEOREM 3.5.6 ([21]). Every gradient p—Einstein soliton is rectifiable (for p # 0).

Using the previous theorem, Catino and Mazzieri proved that, locally, the solitons can be
foliated by hypersurfaces with constant mean curvature and constant induced scalar curvature,
about a regular connected component of a level set of the potential f.

REMARK 3.5.7. It is worth noticing that Theorem 3.5.6 fails to be true in the case of gradient
Ricci solitons. In fact, even though all of the easiest non trivial examples — such as the Gaussian
soliton and the round cylinder in the shrinking case, or the Hamilton’s cigar (also known in the
physics literature as Witten’s black hole) and the Bryant soliton in the steady case — are rectifiable,
it is easy to check, for instance, that the Riemannian product of two rectifiable steady gradient
Ricci solitons gives rise to a new steady soliton, which is generically not rectifiable.

Moreover, Catino and Mazzieri, using the elliptic maximum principle and some identities
derived from the soliton equation (3.24), proved some classification results. First of all, in the
compact case there is the following:

THEOREM 3.5.8 ([21]). Let (M, g), n > 3, be compact gradient p—Einstein soliton. Then, the follow-
ing cases occur.

(i) If p <1/2(n — 1), then either A > 0 and R > 0 or the soliton is trivial.
(i-bis) If p = 1/2(n — 1), then the soliton is trivial.
(i) If1/2(n — 1) < p < 1/n, then either A < 0 and R < 0 or the soliton is trivial.
(iii) If p > 1/n, the soliton is trivial.

In particular, for solitons corresponding to these special values of p, we get

COROLLARY 3.5.9. Every compact gradient Einstein, Schouten or traceless Ricci soliton is trivial.
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We observe that the same statement as in case (i) of Theorem 3.5.8 was already known for
Ricci solitons, which formally correspond to p = 0 (see [58, 55] or [25, Proposition 1.13]): every
compact gradient Ricci soliton, if steady or expanding must be trivial, otherwise it must have
positive scalar curvature.

In the general (also non compact) case the following results were proved. Here the rectifiability
of the solitons plays a key role.

THEOREM 3.5.10 ([21]). Let (M, g) be a complete n—dimensional, n > 4, locally conformally flat
gradient p—Einstein soliton with p < 0and A < 0or p > 1/2and X\ > 0. If (M, g) has positive sectional
curvature, then it is rotationally symmetric.

The same theorem also holds in the three-dimensional case, in which the Weyl part is always
zero.

THEOREM 3.5.11 ([21]). Let (M, g) be a three—dimensional gradient p—Einstein soliton with p < 0
and X\ < 0or p > 1/2and X\ > 0. If (M, g) has positive sectional curvature, then it is rotationally
symmetric.

We say that a Riemannian manifold is rigid if, for some k& € {0,...,(n — 1)}, its universal
cover, endowed with the lifted metric and the lifted potential function, is isometric to the Rie-
mannian product N* x R"~*, where N* is a k—~dimensional Einstein manifold and f = %|x|2
on the Euclidean factor. We also recall that g has non negative radial sectional curvature if
Rm(E,Vf,E,Vf) > 0 for every vector field E. The following theorem is the analogous of a
result by Petersen and Wylie [72] for the Ricci solitons, without the rectifiability assumpion, as
this is always fulfilled, by Theorem 3.5.6.

THEOREM 3.5.12 ([22]). Let (M, g) be a complete, non compact, gradient shrinking p—Einstein soli-
ton with 0 < p < 1/2(n — 1). If g has bounded curvature, non negative radial sectional curvature, and
non negative Ricci curvature, then (M, g) is rigid.

In particular, every complete, non compact, gradient shrinking p—Einstein soliton with 0 <
p < 1/2(n — 1) and non negative sectional curvature is rigid.

Among all the p-Einstein solitons, a class of particular interest is given by gradient Schouten
solitons, namely Riemannian manifolds satisfying

Ric+V2f:2 g+ Ag,

R
(n—1)
for some smooth function f and some constant A € R. In the steady case, we can prove the fol-
lowing triviality result, which holds true in every dimension without any curvature assumption.

THEOREM 3.5.13 ([21]). Every complete gradient steady Schouten soliton is trivial, hence Ricci—flat.

In particular, every complete three-dimensional gradient steady Schouten soliton is isomet-
ric to a quotient of R3. In analogy with Perelman’s classification of three-dimensional gradient
shrinking Ricci solitons [69], subsequently proved without any curvature assumption in [15], we
have the following theorem.

THEOREM 3.5.14 ([21]). Let (M, g) be a complete three-dimensional gradient shrinking Schouten
soliton. Then, it is isometric to a finite quotient of either S3, or R3 or R x S



CHAPTER 4

The Ricci-Bourguignon flow in dimension three

In [49] Hamilton introduced the Ricci flow in an attempt to prove the Poincaré conjecture,
therefore, after having established the basic facts about the Ricci flow in any dimension, he turned
his attention to the 3—-dimensional case. Also in the case of the Ricci-Bourguignon flow it is
natural to specialize our analysis to compact 3—-manifolds for several reasons.

First of all, dimension three is the first significant case, as the RB—flow on surfaces is just a positive
multiple of the Ricci flow for p < 1/2, hence the two flows behave the same way. Indeed, for
every solution (in any dimension) of the Ricci flow and of the RB-flow, one can define a unique
solution of the corresponding volume-normalized flow, which differs from the original one only
by a time-dependent rescaling. In dimension two, the normalized flows both exist for all positive
time and converge to a constant curvature metric conformal to the initial one (see [51]).
Moreover, in dimension three, the evolution equation of the Ricci tensor becomes treatable and
useful to understand the behaviour of the RB—flow by means of the maximum principle, as we
are going to see in Section 4.1. Finally, as we already said, our initial interest on the RB-flow came
by the study of its gradient solitons carried out by Catino and Mazzieri in [21] and in the special
3—dimensional case, the rectifiability property (see Section 3.5) has strong consequences, which
we review in Section 4.2.

In Section 4.3 we consider the case of a Ricci positive initial metric evolving by the RB—flow and
we prove in Proposition 4.3.1 that, as the Ricci flow, the greater the scalar curvature becomes,
the more pinched the sectional curvatures are. By Hamilton’s Theorem [49, Theorem 1.1], we
already know that a compact simply connected 3-manifold endowed with a Ricci positive metric
is diffeomorphic to a sphere, because the normalized Ricci flow converges to a positive constant
sectional curvature metric. Here, we try to prove that also the Ricci-Bourguignon, after parabolic
rescaling, converges to a round metric. At the moment, we are able to prove this statement only
assuming an extra hypothesis (see condition (4.8) in Theorem 4.3.3), since the integral estimate for
the gradient of the scalar curvature proven in Section 4.3.1 is not sufficient to carry out Hamilton’s
argument. However, we hope that future results on Perelman-type functionals (see Section 5.2.1)
could give an alternative way to prove such convergence by means of a blow-up procedure.

All the results proven in the previous chapter clearly remain true in dimension three. We
summarize them in the following proposition.

PROPOSITION 4.0.15. Let p < % and (M, go) be a 3—dimensional compact Riemannian manifold.
Then:

there exists a unique smooth solution of the Ricci—Bourguignon flow (3.1) with initial metric go

in a maximal time interval [0, T).

The minimum of the scalar curvature is non decreasing during the flow. Moreover, if min Ry, >

a > 0, then the maximal time of existence of the flow is finite and satisfies T' < m

- If the initial metric go has non negative sectional curvature, the same holds for g(t), for every
tel0,7).

- If [Ricy| < K on M x [0,T), then for every k € N there exists a constant C(p, k, K,T) such

that forall t € (0,T]

. C
I9*Ricy(o 3 < 3

7 Ricy ()13 -

sup
t€[0,T)

48
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- If T < +oo, then

li Ri = .
1131:;1p max [Ricy(y)| = +oo

4.1. Conditions preserved in dimension three

In general dimension it is very hard to find curvature conditions preserved by the flow, be-
sides the non negativity of the scalar curvature and of the curvature operator (see Section 3.3) and
this is due principally to the involved structure of the reaction term; for instance in the evolution
equation (3.10) satisfied by the Ricci tensor, the reaction term involves the full curvature tensor.
However, if we restrict our attention to the 3-dimensional case, the Weyl part of the Riemann
tensor vanishes and all the geometric informations are encoded in the Ricci tensor.

With a straightforward computation, by plugging in the decomposition of the Riemann tensor in
dimension three,

Rijr = (Ric ® 9)iju — %(9 B 9)ijkt »
we can rewrite the general evolution equation for the Ricci tensor (3.10) in the following way

%Ric = ARic — p(V?R + ARg) 4.1)
— 6Ric? + 3RRic + (2|Ric|? — R?)g.

REMARK 4.1.1. As we can easily see from the evolution equation (3.10) in any dimension
for the Ricci tensor, the reaction term is the same of the corresponding evolution equation dur-
ing the Ricci flow (see [49, Corollary 7.3]). Therefore, it should not be surprising that the same
curvature conditions are preserved in dimension three, provided that the second order operator
in equation (4.1) stays uniformly strongly elliptic and this is exactly the content of the following
proposition (see [49, Section 9] for the Ricci flow).

PROPOSITION 4.1.2. Let (M, g(t))+c(o,7) be a solution of the RB—flow (3.1) on a compact 3—manifold.
Then, if p < 1/4,
(i) non negative Ricci curvature is preserved along the flow;
(ii) non negative sectional curvature is preserved along the flow;
(iii) the pinching inequality Ric > eRg is preserved along the flow for any ¢ < 1/3.

PROOF. In the original spirit of Hamilton’s work on three manifold, we want to apply Theo-
rem 1.5.3, hence we express the curvature conditions as the non negativity of suitable symmetric
2—tensors.

(i) First we have to show that L(Ric) = ARic — p(V?R + ARy) is strongly uniformly elliptic on
S%(TM*), then we compute its symbol. Let £ be a generic unit covector in p € M and {¢%, ez, e3}
an orthonormal basis in p at time ¢. The symbol has the following form

R

1-2p —2p —2p R;;

-p l=p —p 0 Ras

oe(L(Ric))ix = Rik — pR(0:10k1 + i) = —p —p 1—p Ros
R

0 Ids R;g

Hence, the eigenvalues are 1 with multiplicity 5 and 1 — 4p with multiplicity 1, which are all
positive in the hypothesis of the proposition.

Then, we have to control the reaction term F'(Ric), which is clearly a polynomial in Ric. There-
fore, let v be a unit null-eigenvector of Ric,; let A, > 0 be the other eigenvalues and {v, e3, €3}
an orthonormal basis which diagonalizes Ric,. Hence,

F,(Ricy)(v,v) = — 6Ric]2)(v, v) + 3R, Ric, (v, v) + 2|Ric,|?[v]? — (R,)?|v]?
=2(N° + %) = (A +p)? = (A= p)* 20,
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as the norms of Ric, and v are taken with respect to g, and v is a null eigenvector of Ricg too.

(ii) Even if this condition is preserved in any dimension (Proposition 3.3.5), we give here a proof
peculiar of the 3—dimensional case. It is easy to see that, if the sectional curvatures are k; =
K(ez, e3), ko = K(e1, e3) and ks = K(e1, e2) with respect to an orthonormal basis of 7, M then the
tensor Sec = 1Rg — Ric is diagonalized by the same basis {e; } with eigenvalues respectively {k;}.
Then we have to look at the evolution equation satisfied by Sec in order to control the sectional
curvatures.

Therefore, since we have S = tr(Sec) = R/2 and Ric = Sg — Sec, we compute

0 0 . 1,0 0
ESec = — &RIC + 5(@1{9 + R§g>

= — ARic + p(V*R + ARg) + %(1 —4p)ARg

+ 6Ric? — 3RRic — (2|Ric|> — R?)g + (JRic|? — pR?)g — R(Ric — pRyg)
= ASec + 2p(V?S — ASg)

6Sec? — 4SSec + (S% — [Sec|?)g .

As usual, we compute the symbol of the second order operator in the direction ¢ € T, M* with
respect to an orthonormal basis {£7, ea, €3}

1 0 0 211

—20 1-2p —2p 0 Sij

Ug(L(SeC))ik = Sik; + 2/)8(51'151@1 — 5ik) = —2p —2p 1-— 2p 812
q..

0 Id '

3 Sa3

Again, the eigenvalues are 1 with multiplicity 5 and 1 — 4p with multiplicity 1, then the operator
is uniformly strongly elliptic. For the reaction term, if Sec, € S%(T,M*) is diagonalized by the
orthonormal basis {v, ez, e3} with respect to the metric g, with eigenvalues respectively 0, A, y >
0, we have

F,(Secy) (v, v) :6Secz(v, v) — 4S,Sec, (v, v) + Sf)|v|2 — [Sec, | |v|?
=(A+p)? = (A +p”) =22 >0.

Then the non negativity of Sec is preserved by the RB—flow, that is if g(0) has non negative sec-
tional curvatures, so has ¢(t) as long as it exists.

(iif) In this last case we have to control if the non negativity of Pin = Ric — Ry is preserved along
the RB—flow.

First of all we observe that, for ¢ = 1/3, the condition Pin(0) > 0 implies that the Ricci tensor
of the initial metric is pointwise a multiple of the metric itself, hence g(0) is an Einstein met-
ric by Schur Lemma, that is, Ric(0) = Ag(0) for some constant A € R. It is clear now that
g(t) = (1-2(1-3p)At)g(0) satisfies the flow equation (3.1) and so it is the unique maximal solution
with initial data g(0). Then g(¢) is Einstein and Pin(¢) = Ric(t) — 1/3R(¢)g(t) = Ag(0) — Ag(0) =0
for every t such that the solution exists, that is the condition is preserved.

For € > 1/3 the tensor Pin has always at least one negative eigenvalue.
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Now, for e < 1/3, as R = 1=5-P and Ric = Pin + :-%5-Pg, we obtain
0 0 8 0
ng aRlc — E(ath + Rat )
= ARic — p(V*R + ARg) — (1 — 4p)ARg

— 6Ric? 4+ 3RRic + (2|Ric|? — R2)g — 2¢(|Ric|? — pR?)g + 2¢(RRic — pR?g)

:APin_p<1 : 1o 3 )
3

— 6Pin® +

e
0% ppin +((1—5)|P1n|2 75+P2)g

3 1-3e
Also in this case, we compute the symbol of the second order operator in the direction £ € T,,M*
with respect to an orthonormal basis {¢7 eq, €3}

P11
Paa
. P A ‘ 0 P33
Gg(L(Pln))ik =P — 7P(6i15k1 + (1 — 45)57k) = p ,
=3¢ 0 | Ids 12
Pi3
Py
where A is the matrix
1-2p1=5 20755 20755
—4e 4e —4e
A= _p1 3¢ 1_pl 3¢ _pl 3¢
—4 —4 4
*pl —3¢ 7p1 =3¢ 1*/)1 3e

Even if the computation is a bit more complicated, A has the usual structure and its eigenvalues
are again 1 with multiplicity 2 and 1 —4p with multiplicity 1, so the operator is uniformly strongly
elliptic.

Finally, for the reaction term, if Pin, € S?(T,M*) is diagonalized by the orthonormal basis
{v, e2, e3} with eigenvalues respectively 0, A, 1 > 0, we can estimate |Pin,|? > 1(P,)? then

3—-10 262 —4e+1
F,,(Pin,)(v,v) = — 6Pin(v,v) + 1_73&_€PPPinp(v,v) +2(1 — &)[Pin, [2|v]? - %PQUP
262 —4e +1
>(1-e- )P = P2 >0,
= ( T 13 )T i3 rT
and this concludes the proof. O

We can use the evolution equation (3.18) of the pull-back of the curvature operator, obtained
by means of Uhlenbeck’s trick in Section 3.2.2, to obtain more refined conditions preserved, since,
in dimension 3, we can rewrite the tensorial ODE associated to the evolution of P as a system of
ODE:s in the eigenvalues of P that, by Proposition 1.4.7, are nothing but the sectional curvatures
of R. This point of view has been introduced for the Ricci flow by Hamilton in [56] and can be
easily generalized to the Ricci-Bourguignon flow as follows.

LEMMA 4.1.3. If n = 3, then P, has 3 eigenvalues \, i, v and the ODE fiberwise associated to
equation (3.18) can be written as the following system

B = 2N+ 2uv —4Ap A+ p+v),
G — 92 4 9\ —dpp( A+ p+ ), (4.2)
&= w42 —Apr(A+p+v).

In particular, if we assume X(0) > u(0) > v(0), then A(t) > u(t) > v(t) as long as the solution of the
system exists.
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PROOF. We can pointwise identify V,, endowed of an orthonormal frame to R® with the stan-
dard basis. Then A2V}, ~ s0(3) with the standard structure constants and if an algebraic operator
@, is diagonal, both Qf, and Qﬁ, are diagonal with respect to the same basis (for the detailed com-
putation of this fact, see [29, Section 6.4]). Hence the ODE 4@, = F,(Q,), fiberwise associated
to (3.18) preserves the eigenvalues of @), that is, if Q,,(0) is diagonal with respect to an orthonor-
mal basis, Q,(t) stays diagonal with respect to the same basis and the ODE can be rewritten as
the system (4.2) in its eigenvalues.

To prove the last statement, it is sufficient to observe that

L= = 20— ) (1= 2) A ) — (14 29)0).
&)= 20— ) (1 20)(n+ 1)~ (L4 20)N)

O

REMARK 4.1.4. We already proved that the differential operator in the evolution equation of
P is ellipticif p < 1/2(n — 1), thatis, p < 1/4 in dimension 3. Therefore any geometric condition
expressed in terms of the eigenvalues is preserved along the RB—flow if the cone identified by
the condition is closed, convex and preserved by the system (4.2). By using this method, we can
reprove Proposition 3.3.1 and Proposition 4.1.2
(0) If Ry, >0, then Rg(t) > 0.
By Proposition 1.4.7 (Rgy))p = 2trg,Pp(t) = 2(X + p + v)(t). The cone

Ky ={Qp: (A +p+v)(Qy) >0}

is closed as the inequality is large, convex as the function @, — tr(Q,) is linear and preserved by
the system (4.2)

%tr(Qp) = 2(N2 + 2+ V% F A A+ ) — dptr(Qy)?
= A+ + A+ )2+ (n+v)? = dptr(Qp)?

1
> SO Fpt A+ vt ptr)’ = dptr(Qp)?

= (- 3)(Q)?

By integrating the last inequality we recover also the estimate on the minimum of the scalar
curvature

. _ 3trgopp(0)
minRae) =200 Po(t) 2 25 P (0)
3(Rygy )p 3 mA/iIn Ry,

= > .
3—2(1-3p)(Rgy)pt ~— 3—2(1— 3p)m]viInRg0t

(i) If Ricy, > 0, then Ricy(;) > 0.
The eigenvalues of Ric are the pairwise sums of the sectional curvatures, hence the condition is
identified by the cone

Kp ={Qp : (n+v)(Qp) > 0}.
The closedness is obvious; in order to see that K, is convex, we observe that the greatest eigen-
value can be characterized by A\(Q,) = max{Q,(v,v) : v € V, such that |v|, = 1}, hence it is
convex. Then the function Q, — (@) + v(Qp) = tr(Qp) — A(Qp) is concave and this implies
that its superlevels are convex. By system (4.2), we obtain

d

a(u +v) = 2p% + 207 + 2\ (4 v) — dp(p + v)tr(Q,) .

We observe that ¢ = 0 = v is a stationary solution. Otherwise, whenever p(tg) + v(to) = 0 with
(to) # 0 # plto), 4w+ v)(to) = 2(u* + v?)(to) > 0, then K, is preserved.

(ii) If Secy, > 0, then Secy(y) > 0.
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This condition is the non negativity of P, identified by the cone K, = {Q,, : v(Q,) > 0}, which is
convex being a superlevel of a concave function. We suppose that v (o) = 0, then

L o(t0) = 2A(to)u(to) > 0

because the order between the eigenvalues is preserved and therefore A(to) > p(to) > 0.

(iii) For every € € (0,1/3], if Ricy, — eRg,90 > 0, then Ricy) — eRg)g(t) > 0.

Translating in terms of eigenvalues of P, the condition means (@) + v(Qp) — 2etr(Q,) > 0, that
is M(Q,) < 52 (u(Q,) + v(Q,)), which determines the following cone

Ky, ={Qp : MQp) —C(e) (N(QP) + ’/(Qp)) <0},

where C(e) € [1/2,400). The defining function is the sum of two convex function, hence its
sublevels are convex. Now, for C' = 1/2, that corresponds to ¢ = 1/3, we have A\(0) = p(0) = v(0)
at each point of M, that is the initial metric gy has constant sectional curvature and this condition
is preserved along the flow.

For C > 1/2, we suppose A(tg) = C(u(to) + v(to)), then

LN = Clutv)(to) = 2 [N+ = O + 02 + M+ v) = 2ptr(Qp) (A — Cp + v))] (to)

dt
2[C?(ulto) + v(t))* + ulto)r(to) — C(ulto)* + v(to)®) — C*(ulto) + v(to))?]
(1=20)(u(to)® + v(to)*) < 0.

IN

In Section 4.3, we will use the system (4.2) to prove that the pinching inequality is not only
preserved by the Ricci-Bourguignon flow, but improves, in the sense that, the larger the scalar
curvature gets, the smaller the traceless Ricci tensor becomes, as it happens also for the Ricci flow
(see [49, Theorem 10.1]).

4.1.1. Hamilton-Ivey estimate. A remarkable property of the 3-dimensional Ricci flow is
the pinching estimate, independently proved by Hamilton in [55] and Ivey in [58], which says
that positive sectional curvature “dominates” negative sectional curvature.

We generalize this pinching estimate and some consequences for positive values of the parameter
p. In the same notation used before, let A > 1 > v be the ordered eigenvalues of the curvature
operator.

THEOREM 4.1.5 (Hamilton-Ivey Estimate). Let (M, g(t)) be a solution of the Ricci—-Bourguignon
on a compact 3-manifold such that the initial metric satisfies the normalizing assumption min,e as v, (0) >
—1. If p € [0,1/6]), then at any point (p, t) where v,(t) < 0 the scalar curvature satisfies

R > [v|(log(|v|) + log(1 + 2(1 — 6p)t) — 3) . 4.3)

PROOF. We want to apply the maximum principle for time-dependent sets (Theorem 1.5.6),
hence we need to express condition (4.3) in terms of a family of closed, convex, invariant subsets
of S%(A?V*), where (V, h(t), D(t)) is the usual bundle isomorphic to the tangent bundle defined
via Uhlenbeck’s Trick (Section 1.4). Following [29, Theorem 9.4], we consider the time—dependent

subset K (t) of S?(A2V*) defined at every p € M by
3

>__ <

(@) 1+2(1—6p)t

Kp(t) =4 @p: andif v(Qp) < ! : then

1+ 2(1-6p)

tr(Qp) > |v(Qy)[(log(|v(@p)]) + log(1 +2(1 — 6p)t) — 3)

By Lemma 1.5.7, we altready know that, for any ¢ € [0,T"), K(¢) defines an invariant subset of
S?(A2V*). Since, for p € [0,1/6)], K(t) depends continuously on time, the space-time track of
K(t) is closed in S?(A2V*).
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Now we show that K,(¢) is convex for every p € M and ¢t € [0,T"). Following [29, Lemma 9.5],
we consider the map

O SHAV)) S RE Q) = (IV(Q)] 11(@y))
Clearly, we have that Q, € K,(¢) if and only if ®(Q,) € A(t), where
3

> % . > _3:
Y2 Taa ey Y2
A =@ erR®: 45 1 gy
= 14201 6p)t
y > z(logx + log(1 + 2(1 — 6p)t) — 3)

is a convex subset of R?. Then, in order to show that K, () is convex is sufficient to show that the
segment between any two algebraic operators in K,(t) is sent by the map ® into A(%).

Therefore let Q,, Q;, € K,(t), s € [0,1] and Q,(s) = sQp + (1 — 5)Q;,. About the first defining
condition for A(t), the trace is a linear functional, hence it is obviously fullfilled by Q,(s), while
the second condition is satisfied by any algebraic operator.

The third condition is a bit tricky. If v(Q,), v(Q;) > —ﬁ then the condition is empty for
every point of the segment because v is a concave function. By continuity we can assume, without
loss of generality, that v(Q,(s)) < —m, for every s € [0,1], hence z(Q,(s)) = —v(Qp(s)) is
a convex function and z(Q,(s)) < sx(Qp) + (1 —s)z(Q},). On the other hand the second condition
implies that 2(Q,(s)) > —y(Qp(5))/3 = —1(sy(Qp) + (1 — 8)y(Q}))- Then (Q,(s)) belongs to
the trapezium of vertices

2(@). (- 3u(@Q). (@), 2@, (- 3u(@)).u(@)).

contained in A(t), as its vertexes are and A(t) is convex.
Now we prove that K, () is preserved by the system (4.2). By taking the sum of the three equa-
tions in the system (see also Remark 4.1.4) we get

4

Sr(Qp) > (1 - 3p)(@y)°.

By hypothesis, v(Q,)(0) > —1, hence tr(Q,)(0) > —3 for every p € M and by integrating the
previous inequality,

3 S 3

tr(@p) (1) = =77 41 =3p)t = 14+2(1—6p)t’

which holds for any p.
In order to prove that the second inequality is preserved too, we consider, for every p € M such
that v(Q,)(0) < 0, the function

F0) = 220 tog(-v(Qy) ~ tog(1 + 201~ 69)0) (@4
P
and we compute its derivative along the flow.

d 1

%f = ﬁ[(—Qy)()\Q—Hf+1/2—|—)\u—|—)\y—|—ul/—2p(/\—|—u—|—z/)2)

201 -6p)
1+2(1—6p)t

21 6p)
1+2(1—6p)t

2
+2A+p+v) (P + A —200(A+ p+v))] —;(V2+)\u—2pu()\+u+u))

2
:ﬁ[—y(x\2+u2+/\u)+/\u()\+u)—V3—|—2p1/2()\—|—,u+1/)]
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As for the Ricci flow, it is easy to see that the quantity —v(A\? + p? + Ap) + Ap(X + p) is always
non negative if v < 0, hence, we get

2(1 - 6p)

14+ 2(1—6p)t (45)

d
af(t) > 2w +4dpA+p+v)—
If p > 0 we can estimate A + . + v > 3v and obtain

1
>0

d
02 2000+ ) >

whenever v < —m and p < 1/6.
Hence, if (A, p1, v) is a solution of system (4.2) in [0, T") with (A(0), 1(0), »(0)) € K,(0), we suppose
that there is t; > 0 such that v(t;) < ———~—=-—. Then, either v(t) < —m for any

T 14+2(1—6p)t1 "
t € [0, 1], either there exists to < ¢, such that v(t0) = — g gy, and v(t) < — e

any t € (to,t1]. In the first case, by hypothesis we obtain f(0) > —3 and 4 f(t) > 0 for any
t € [0,t], therefore f(t;) > —3; in the second case f(ty) = % > —3 and %f(t) > 0 for
any t € [to, t1], therefore again f(¢;) > —3, which is equivalent to the second inequality. O

for

REMARK 4.1.6. The extra term 4p(A+ 1+ v) in equation (4.5) requires strong assumptions on
the parameter p since we have no information on the sign of the trace. However, combining the
previous proof with Proposition 3.3.4, we can enlarge the range of p to [0, 1/4) and conclude that
an ancient solution to the RB—flow on a compact 3-manifold has non negative sectional curvature
for any value of p € [0,1/4). This is the content of the following proposition, analogous to [29,
Corollary 9.8] for the Ricci flow, which holds also in the complete non compact case, with the
extra hypothesis of bounded curvature on each fixed time slice.

PROPOSITION 4.1.7. Let (M, g(t)) be an ancient solution of the RB—flow on a compact 3-manifold
with p € [0,1/4). Then g(t) has non negative sectional curvature as long as it exists.

PROOF. For p € [0,1/6), the scalar curvature satisfies inequality (4.3) by the previous propo-
sition.
For p € [1/6,1/4), we need to consider a slightly different time—-dependent set K (¢) defined
pointwise by:
3

@) = =5 e

Ep(t) =@ andifv(Q,) < 1

. _th
=TT a 3yt

tr(Qp) > |1(Qy)[(log(|v(Qp)]) +log(1 + 4(1 = 3p)t) — 3)

Clearly, as before, K(t) defines a convex, closed, invariant subset of S?(A?V*). Moreover, we
already proved that the first defining condition on the trace is preserved.
For the second inequality, we consider

tr(Qp)
t) = — log(—v —log(1 + 4(1 — 3p)t
f(®) =00, g(—(Qp)) — log( (1—=3p)t)
and, with the same computation as before, we obtain
d 4(1 - 3p)
— ) > — S S A
dtf(t)_ w4+ 4pA+p+v) T (= 300t

Since ¢(t) is an ancient solution, by Proposition 3.3.4, the scalar curvature is non negative, then
we can drop the extra term 4p(X + 1+ v) = 2pR,, > 0. Hence we get, for v <

41 -3p) >>2 1-2+6p
1+4(1—3p)t

1
T 1H4(1-3p)t’

>0,

/0 =2(-v T4t —3p)t ~
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and we can conclude that the scalar curvature satisfies the following inequality
R > |v](log(|u) + log(1 + 4(1 — 3p)t) — 3).
In both cases, we can repeat the proof of [29, Corollary 9.8]. We suppose that vy = inf; v(0) < 0
and we consider the usual parabolic rescaling
t

0= (1)

9(t) = Iolg
which is a solution of the Ricci-Bourguignon flow satisfying the normalizing assumption #(0) >
—1. Hence the scalar curvature satisfies, at every (z, |vp|t) such that 7 <0,

R > |i7|(log(|7]) + log(1 + Clv|t) — 3),
where C'is a positive constant. Since R = [v|R and 7 = |1|v, we get, for g(¢),
R > [v|(log(|v]) + log(|vo| " + Ct) — 3) .

By translating backward in time, since the solution is ancient and exists at least for a small posi-
tive time interval, we get, for every a > 0,

R > |v|(log(|v]) +log(C(t + @) — 3) ,

which leads to a contradiction for o — +00, as the curvature is bounded on a compact manifold.
(]

4.2. Solitons

In Section 3.5 we have already listed some results about p-Einstein gradient solitons, studied
by Catino and Mazzieri in [21, 22]. In this section we focus on the 3—dimensional case, since the
results in this peculiar case have originally motivated the study of the Ricci-Bourguignon flow.

THEOREM 4.2.1. [21, Theorem 3.4] Let (M, g) a 3-dimensional gradient p—Einstein soliton with
p<0and A\ <0orp>1/2and X > 0. If (M, g) has positive sectional curvature, then it is rotationally
symmetric.

Indeed, by the soliton equation (3.24), for p > 1/2 and A > 0 the potential function f is
strictly convex (strictly concave in the other case), M is diffeomorphic to R* and the potential
function has exactly one critical point O. Moreover, for p # 0, the potential function f is always
rectifiable (in any dimension) and the manifold is foliated by constant mean curvature surfaces
around every regular connected component of a level set of f. This implies that every level set,
besides {0}, is isometric to (S?, gsz), up to a constant factor and the metric g, on M \ {O}, has the
form

g=dr®dr+w(r)?gs,
where r(-) = dist(O,-) and w : R* — R™ is a smooth positive function.
Moreover, by studying complete, non compact, gradient steady p—Einstein solitons which are
warped product in [21, Theorem 4.3], the authors proved the following theorem.

THEOREM 4.2.2. [21, Corollary 4.4] Up to homotheties, there is only one complete 3—dimensional
gradient steady p—Einstein soliton, with p < 0 or p > 1/2 and positive sectional curvature.

We remark that, in the k—noncollapsed case (see [69, Definition 4.2]), for p = 0, this is Perel-
man’s claim [69], proved by Brendle in [12], who showed that the Bryant soliton is the only
complete non compact k-noncollapsed gradient steady Ricci soliton with positive sectional cur-
vature in dimension three. For p = 1/2, the only admissible 3—dimensional gradient steady
Einstein soliton with positive sectional curvatures turns out to be asymptotically cylindrical with
linear volume growth, the natural generalization of the 2-dimensional Hamilton's cigar.

For the Schouten case, p = 1/4, the authors prove the following result

THEOREM 4.2.3. [21] Every complete 3—dimensional gradient steady Schouten soliton is isometric
to a quotient of R3. Every complete 3—dimensional gradient shrinking Schouten soliton is isometric to a
finite quotient of either S or R? or R x S2.
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The last statement is analogous to Perelman’s classification of three-dimensional gradient
shrinking Ricci solitons [69], subsequently proved without any curvature assumption in [15].

After the Ricci and the Schouten solitons, we focus on the intermediate values of the parame-
ter, i.e. p € (0,1/4). By Theorem 3.5.8, we already know that every compact steady or expanding
soliton is Einstein. By soliton equation (3.24), this implies that a steady soliton is Ricci—flat, hence
in dimension three is flat, isometric to a finite quotient of R3. For A < 0, it follows that a 3—
dimensional expanding soliton has constant negative curvature, hence it is isometric to a finite
quotient of the iperbolic space H?.

To complete the picture in the compact setting, there is left the case A > 0. Again, by the
triviality result, we know that a compact shrinking soliton has positive scalar curvature and also
non negative sectional curvature, as it is an ancient solution, thus Proposition 4.1.7 applies.

For the Ricci solitons, Ivey in [58] proved that in this case the soliton is isometric to a finite
quotient of the sphere S* and we would like to extend this result to p € (0,1/4).

The proof by Ivey mainly goes as follows: if the Ricci tensor is strictly positive, the (normalized)
Ricci flow converges to a (positive) constant sectional curvature metric, by Hamilton’s sphere
theorem in [49], while the case when the Ricci tensor has a null eigenvalue is ruled out by means
of a splitting result proven by Hamilton in [50].

In Section 4.3 we study the RB—flow starting from a Ricci positive metric on a compact 3-manifold
and we prove the convergence of the rescaled flow (after a blow—up procedure) to a round metric,
but we have to assume an extra hypothesis (see Theorem 4.3.3). Therefore, in order to classify
3—-dimensional compact shrinking p-Einstein solitons, it seems more promising to follow (instead
of Ivey’s line) the static point of view and try to adapt the arguments of [37, Proposition 3.7].

For complete non compact shrinking solitons, there is the rigidity Theorem 3.5.12 proven
by Catino, Mazzieri and Mongodi in [22], assuming non negative radial sectional curvature and
non negative Ricci curvature. Therefore, one could try to prove a local version of Hamilton-Ivey
estimate (Theorem 4.1.5), as it has been done by Chen in [24, Section 2], to conclude that any
complete non compact 3-dimensional shrinking soliton with bounded curvature is rigid.

4.3. The Ricci positive case

In Section 4.1 we have seen that the Ricci-Bourguignon flow, as the Ricci flow, prefers positive
curvature. Thanks to the system (4.2), we can also prove that, in the positive Ricci case, the metric
is “almost” Einstein when the scalar curvature is large, that is the traceless Ricci tensor becomes
smaller and smaller compared to R. This is the content of the following proposition, which is the
analogous of [50, Theorem 5.3], proven by Hamilton for the Ricci flow.

PROPOSITION 4.3.1. Let p < 1/4 and (M, g(t)) for t € [0,T) be a solution of the RB—flow on a
compact 3—dimensional manifold M with initial metric go. If Ricy, > O, then there exist two constants
§ € (0,1) and C > 0, depending on the initial metric gy and on the parameter p, such that

) 1 —5
Ricy(n) — 3Ro9(D)| < ORyqy

forevery t € [0,T).

PROOF. We start observing that, in dimension three, to control the traceless Ricci tensor, it
is sufficient to control the difference between the greatest and the smallest sectional curvatures.
Indeed, as the eigenvalues of Ric are the pairwise sums of the sectional curvatures A > 11 > v, we
have

‘Ric - 1Rg’2 IRic2 — 1R?
3 3

= (/\+,u)2+()\+u)2+(u+u)2—%(2(>\+u+u))2
(A=) + A =1+ (p—v)’] < (A =v)%

1
3
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Then, we only need to prove that there exist C' > 0 and ¢ € (0, 1) such that
A—v<CA+p+v)o.

Since the manifold M is compact and the Ricci tensor of the initial metric is positive, we have
that

- the scalar curvature of gy is bounded on both sides by positive constants, therefore there
exist two constants C’ > ¢ > 0 such that ¢/ < A(0) + p(0) + v(0) < C7;

- the Ricci tensor of gy is bounded below by some positive multiple of its trace—part, that
is, by Remark 4.1.4, there exists C"" > 1/2 such that A\(0) < C"”(1(0) + v(0)).

Thanks to the vectorial maximum principle 1.5.5, the proof is complete is we show that there exist
§=0(C",p) € (0,1)and C = C(C’,C", p) such that the cone

M@p) + 1(Qp) +v(Qp) = ¢
Ky =9 Qp: MQp) = C"(1(@p) +1(Qp)) < 0

AN@p) = v(Qp) = C(tr(Qp))' —° <0
is closed, convex and preserved by the system (4.2), where above and in the following we write
tr(Qp) for A+ p+v. We already know, by Proposition 4.1.2, that the first two conditions are closed,
convex and preserved along the flow, then we focus on the third inequality. The closedness is
again obvious since the inequality is large; about the convexity, by Lemma 1.5.7, we have to
observe that A and —v are convex functions; moreover, the trace is linear and ¢ € (0, 1), then also
—CO(tr(Q,))' % is convex and the sum of convex functions is convex.
If we suppose that at some point and time (p,to) there holds A(Qp)(t0) = v(Qp)(to), then all
the sectional curvature are equal in p for every ¢t > ¢y and the inequality is trivially satisfied.
Otherwise, we can assume \(Q,)(t) > v(Q,)(t) and, following the analogous computation for
the Ricci flow (see [50, Thm. 5.3]), we show that there exists ¢ such that the logarithm of the ratio
between A — v and tr(Q,)' 7% is non increasing along the flow.

d —
— log (tr)\ v ) =3 2 (A =12 + v — A= 2p(X — v)tr(Q,))

dt (Qp)176 _
2(1 - §
— t(r(Qp)) ()\2 + 2+ A+ A+ oy — 2ptr(Qp)2)

2 2

— 26X + 20 — 20— 2(1 — 5)W ~ 4p6tr(Q,)

p

2 _

— 25+ v — ) — 2(1 — 5) 2 Atif(‘Q )”) T 4pstr(Q,).

p

To deal with the second term we use that 2u? > (u+v)?/2, A(p—v) > 0, ur > 0 and tr(Q,) < 3),
hence,
2+ Np—v) + v (nt+v)?  ptv
tr(Qp) 6x  — 6C"
by the second inequality defining the cone. Putting these estimates together we have

d A—v 1-6

1-06
woor ) () — 408tr(Qy)

If p > 0 the last term is non positive, hence the ratio is decreasing along the flow if 6 < 1/(1 +
6(C")?). If p is negative we estimate again tr(Q,) < 3\ < 3C”(u + v) and the ratio is negative if
§<1/(1+6(1—6p)(C")?).

By this computation, in order to conclude the proof we only have to show that the third inequality
is satisfied for some C at the initial time and this can be done by estimating

A(0) — v(0) < A(0) < C”(p(0) + v(0)) < C"tx(Qp)(0) < C"(C")°tr(Qp)'~°(0) .

IN

(20”5—
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The previous estimate can be written as

|Ricg(t)‘g(t)< C
Ryey R

— (46)
9(t)
where the left hand side is invariant under homotheties of the metric while the right hand side
goes to zero where the scalar curvature blows up.

The next lemma shows that, starting with a Ricci positive metric, actually the scalar curvature of
the solution must blow up somewhere for ¢ — T, the finite maximal time of existence.

LEMMA 4.3.2. Let p < 1/4 and (M, g(t)) be the maximal solution of the RB—flow on the compact
3—dimensional manifold M with initial metric go. If Ricg, > 0, then the maximum of the scalar curvature
satisfies the following inequality during the RB—flow

1
Rmax(t) = %%((Rg(t))q > 3 (4.7)

L=p)(T 1)
where T is the maximal time of existence of the solution. In particular

T
/ Riax(t)dt = 400
0

PROOF. Since the condition Ric > 0 is preserved along the flow, there holds |Ric|> < R?.
Therefore, by the evolution equation (3.11) of the scalar curvature, we get
0
R < (1 —4p)AR +2(1 — p)R?.

Hence, using again Hamilton’s trick (see [50], [63, Lemma 2.1.3]), at every differentiable time
t € (0,T), we have that Ry,.x(t) satisfies

d
%Rmax(t) S 2(1 - p)anax(t) .
By integrating the previous inequality in [s, s'] we obtain
1 1

!/

Ro(s) R ™) <2(1—p)(s" —s).

To end the proof we recall that, since the initial metric has positive scalar curvature, by Propo-
sition 3.3.1, the maximal solution has a finite time of existence T’; hence, by Theorem 3.4.4,
lim sup,_, sup,, |[Rm| = +o0.

In dimension three the Riemann tensor is controlled by the Ricci tensor, which is positive and so
controlled by the scalar curvature |[Rm| < C|Ric| < CR, therefore we obtain lim sup, ,7 Rmax =
+o0o. Plugging in the parameter s’ of the previous inequality a sequence s; that realizes this
lim sup and letting i — oo we get inequality (4.7). O

We have proven in Proposition 4.3.1 that where the scalar curvature is getting large the Ricci

curvature gets close to a multiple of the metric. Now, we recall Schur Lemma, which states that,
in dimension at least three, if the Ricci tensor is a pointwise multiple of the metric, the same holds
globally, hence, the metric has constant curvature. By Theorem 3.4.4 and Lemma 4.3.2 the scalar
curvature must blow up when t is approaching the maximal time 7', which, by Proposition 3.3.1,
is finite.
The next step in the proof of Hamilton’s sphere theorem [49, Theorem 1.1] is to show that the
scalar curvature must blow up at the same rate in any point of the manifold, proving an estimate
on the gradient of the scalar curvature (see [49, Section 11]. This allowed Hamilton to prove that
the normalized flow exists for every positive time and it converges, for t — 400, to a positive
constant curvature metric on M.

At the moment, we are not able to prove a pointwise estimate for the quantity |[VR/|?, but
only an integral one. In Section 4.3.1 we explain the main obstacle to get the precise analogous of
Hamilton’s estimate and the integral alternative. Unfortunately, the estimates proven so far are
not sufficient to get a control on the quantity Ruin/Rmax, when ¢t — T, therefore we assume such
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control and we prove a weaker version of Hamilton’s sphere theorem for the Ricci-Bourguignon
flow (see [77, Theorem 10.1.1] in the Ricci flow case).

THEOREM 4.3.3. Let p < 1/4 and (M, g(t)), t € [0,T), be the maximal solution of the Ricci—
Bourgquignon flow with initial metric gy on the compact 3—manifold M. Suppose that go has positive Ricci
curvature and there holds

lim minge pr Rg(t) _

a>0. 4.8
t—T maxpenm Ry(r) (48)

Then there exist
- asequencet; /T,
- a sequence (p;) C M,
such that the new Ricci—-Bourguignon flows g;(t) defined for t < 0 by
gi(t) = Rg(ti)(pi)g(ti + m) )
satisfy
(M, gi(t),pi) = (M, (¢ = t)goo, D)

on the time interval (—oo, 0], for some ¢ > 0, where p € M and the metric g on M has constant positive
sectional curvature. Hence (M, g, ) is isometric to a quotient of the round sphere S3.

PROOF. By Proposition 4.3.2, there exists a sequence (p;,t;) € M x [0,T), such that¢; ~ T
and

M; =Ry (p;) = R Rini N
i = Ryt (i) x| 9t (P) +00

Now we perform, for each index i € N, a parabolic rescaling of the flow by the quantity M;
t

gi(t) = Mig(t: + i)
and we want to apply the compactness theorem for a sequence of Ricci flows proved by Hamilton
(see [54] and also [25, Theorem 3.10]), adapted to the Ricci-Bourguignon case, in the time interval
[—a, 0], for each a > 0.
The sequence of metrics g; satisfies the following properties.
i) g; is defined in [-T;,TM; — T;), where T; = t,M; — +oco and TM; —T; > 1/2(1 — p) > 0, by
Proposition 4.3.2.
ii) g; is again a solution of the RB-flow. Indeed, by observing the basic scaling properties of the
Ricci tensor and the scalar curvature for every A € Rt

1
RiCAg = Rng s R)\g = XRQ N
we have that
0

agi(t) = Mi%g(ti + i)

M;
= _Q(Ricg(tﬁrt/]\@) — PRyt +e/0) 9 (i + t/Mz'))
= —2(Ricy, () = PRy, 0 9i(1)) -
iii) For each a > 0 there exist ¢ > 0 and iy such that for every i > iy and ¢ € [—a, 0], there holds
e< Ry <1.

Indeed, by the parabolic rescaling, the right inequality is true for every ¢ € N, and t € [T}, 0].
For the lower bound, let iy such that T;, > a. Since the minimum of the scalar curvature is non
decreasing during the RB-flow by Proposition 3.3.1, we obtain

. . minge pm Rq(t,v—a/M,v)
minR, s > minR, (_, = P S .
pen 91 = popyrei(=a) M;

>(l—-¢g)a>e,
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where we used condition (4.8) and the fact that ¢; — a/M; — T for i — oo.
iv) g; has the infinite norm of the Riemann tensor uniformly bounded

Rm,, <C.
Sup, max [Rmy, (1) [leo <

Indeed, since each metric is only a parabolic rescaling of the original RB—flow solution g(t), the
Ricci tensor is again positive and controlled by the scalar curvature along each flow g; and we
already saw that in dimension three this is sufficient to have an upper bound for the norm of the
Riemann tensor, therefore

Sup, max [Rmg, 1) loe < Cper}ggfgayo] Ry,n(p) <C

by point (iii).
v) g; has the L2-norm of the Riemann tensor uniformly bounded in [—a, 0]

5 Rm,, <(C'.
Sup, max [Rmy, 1 ll2 <

indeed, by point (iv), we only need to prove that the volume is uniformly bounded in [—a, 0].
Therefore, we recall the scaling properties of the standard volume form

Vol(Ag) = A¥2Vol(g) .

By Bishop—Gromov volume comparison result (see, for instance, [73, Section 9.1.2]), comparing
g:(t), which has positive Ricci curvature for each ¢t € [—a, 0], with a Ricci—flat space

Vol(gi(t)) < %diam(gi(t))?’.

Since the initial metric g is Ricci positive and the manifold M is compact, by Proposition 4.1.2,
there exists 5 € (0,1/3] such that for every s € [0,T), g(s) satisfies the pinching inequality
Ricys) > 2BRgy(s)9(s). But this inequality is scaling invariant, therefore it holds for every g;
in [—a, 0]. Hence, by Bonnet-Myers diameter’s estimate (see [73, Section 6.4.1]),

™

\Y A min R’gi(t) .

diam (g,(1)) <

Combining the previous inequalities we get

2 7T2

(BminRy, )2 = (Be)/2

Vol(gi(1)) < & diam(g;(1))* <

(vi) By Theorem 3.4.1 and point (v), the covariant derivatives of the Riemann tensor are uniformly
bounded in (—a, 0]

sup sup ||V*Rmy, 2 < C(k).
i t€(—a,0]

(vii) There is a uniform lower bound on the injectivity radius for the metric g; at point p; and time
0. Indeed, by Proposition 4.3.1

|1:{Dicgi(0)|gi(0) (pi) . |Rcicg(tz‘) g(ti)(pi) < c” — 07//
Ry, (0)(pi) Roy(pi) 7 Rgqy(pi)  M;°

The right member of the inequality goes to 0 as i — oo, hence the traceless Ricci part of g;(0) is
uniformly close to zero, definitively in 7. In dimension 3 with positive Ricci curvature we already
know that the sectional curvatures are therefore uniformly close to each other (definitively in 7).
Hence, by Klingenberg’s estimate (see [73, Section 6.6.2]) also the injectivity radius is uniformly
bounded by below (definitively in 7).

We can finally apply the compactness theorem of Hamilton and get, by passing to a subse-
quence, that (M, g;(t), p;) converges locally smoothly to a complete (pointed) solution of Ricci—
Bourguignon flow (N, g(t),p) in (—o0, 0], with Rg)(p) = 1.
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Moreover, at every point ¢ € M, by Proposition 4.3.1 we have that

|Ricgi(0) gi(O)(q) B ’Ricg(t,,) g(ti)(q) < c” B c" c"

< )
Ry.(0)(9) Ryy(@) 7 R),,)(0)  (MiRg0)(9)° = e*M7

where we used the uniform lower bound proved in point (iii) for the scalar curvature of the
metrics ¢;(0). Thus, by letting ¢ — oo, we obtain that the limit metric g(0) has the traceless
Ricci tensor equal to 0, hence by Schur Lemma (N, g(0)) is an Einstein manifold with positive
curvature, which is equivalent, in dimension three, to have constant sectional curvature.

By Bonnet-Myers again, N is compact and by definition of convergence of manifolds we have
that N = M. Moreover, by uniqueness of the solution of the Ricci-Bourguignon flow, g(t) =
(t — ¢)goo, Where g is some positive constant multiple of §(0) and this concludes the proof. [

REMARK 4.3.4. We think that the previous convergence result can be improved as follows:
condition (4.8) is used in the proof essentially to get uniform lower bounds of the scalar curva-
ture and of the injectivity radius of the rescaled metrics. By proving a local version of Bando-
Bernstein—Shi estimates (Theorem 3.4.1), we need the first control only locally around the points
p;, which holds true by hypothesis, therefore we can substitute condition (4.8) with the more
“natural” hypothesis of a uniform lower bound of the injectivity radius, which might come from
a monotonicity formula @ la Perelman (see also Section 5.2.1).

4.3.1. Gradient bound for the scalar curvature. In this section we prove an integral estimate
for the gradient of the scalar curvature. As in Proposition 4.3.1 and following Hamilton [49, Sec-
tion 11], we try to prove an upper bound for the gradient of the scalar curvature with a quantity
that rescales differently (less) when the metric is dilated.

LEMMA 4.3.5. Let (M, g(t)) be a solution of the Ricci-Bourguignon flow with initially positive scalar
curvature. Then

;(W}l{%l?) —(1—2n— 1>p)A(|V§”|2> —2(1-2(n— l)p)R‘V(V;>

|Ric|?
R2

2

— 2|VR|2( - 4p> + ;((V|Ric|2, VR) + (n — 1)pRic(VR, VR)) (4.9)

PROOF. We start computing the evolution of the square norm of the gradient. By equa-
tions (3.1), (3.11)

3 9
%WRP = %(ngiRij) = 2Ric(VR, VR) — 2pR|VR|’ + 2(VR, = VR)

— 9Ric(VR, VR) — 20R|VR/[? + 2<VR, v((1 —2(n — 1)p)AR + 2[Ric|? — 2,0R2)>
=(1—2(n—1)p)A|VR|® = 2(1 — 2(n — 1)p)|V2R|? + 4(V|Ric|?, VR)
+ p<4(n ~ 1Ric(VR, VR) — 10R|VR|2> ,

where we used the fact that for functions the covariant derivative coincides with the usual deriv-
ative and the Bochner formula for functions u € C*°(M) reads

A|Vul? = 2|V2u| 4 2(VAu, Vu) + 2Ric(Vu, Vu), (4.10)

applied to the scalar curvature. As the positivity of the scalar curvature is preserved along the
flow, we can compute the evolution of the ratio between |[VR|? and R, by recalling that for two
functions u, v € C> (M)

wy  Au  ulv  2(Vu,Vov)  2u|Vu]?
M) =T T T

3

v
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7 (5R0) — g avme - SRR

o\ R ) Rt R2 Ot

_1-2(n—-1)p 2 20-2n—-1)p) cop2, 4 L2
= ——g—A|VR| = V*RI® + & (VIRic*, VR)

+ p(LL(TLR_l)Ric(VR, VR) — 10|VR|2>

VR/?

_| R2| ((1 —2(n — 1)p)AR + 2|Ric|* — 2pR?)
_ IVRPY o0 o [VR[* (VIVR*,VR) |V°RJ?
=(1-2(n l)p)A< R 2(1=2(n—1)p) B R2 + R

» (|Ric|? 4 P .
— 2|VR] e 4p | + R (V|Ric|?, VR) + (n — 1)pRic(VR, VR) | .

2
The proof is completed by computing the terms of ‘V (%) ‘ . O

REMARK 4.3.6. Besides the fact that the elliptic operator involved is here (1 — 4p)A, since we
are interested in dimension 3, our purpose is again to control the potentially positive terms in the
above evolution equation. We observe that, as in the Ricci flow case, there are the (potentially
bad) term 4/R(V|Ric|?, VR) and the (surely good) term —2|VR|?|Ric|?>/R?, and other two terms,
according to the sign of p.

Since we have R > 0 and also Ric > 0, we can bound the square norm of the Ricci tensor,
1/3R? < |Ric|? < R?, therefore, if p is non negative, we can estimate

~8pIVRP? + Ric(VR, VR) < ~8p|VR]? + 8p|VR[? = 0,

while, for p < 0, the second term is non positive and for the first term we use Hamilton’s estimate
in [49, Lemma 11.6]

2
|[VR|? < 70|VRic|2. (4.11)
Using the above estimate also on the p—-independent term we obtain
4 2 4. 5. . 20 . 2 2
§<V|Rlc\ ,VR) < ﬁ2|R1CHVRlc||VR\ <8 7|VRIC| < 16|VRic|®.

In conclusion, we have that

0 VR|? . 2|Ric|?|VR/?
(5 - 1-198) (FE0) < coovmiep - 2RLTEE,

where C'(p) = 16 when p > 0 and C(p) = 16( — 1—70p) when p < 0.

Now, by a straightforward computation we get

%(RQ) = (1—4p)A(R?) — 2(1 — 4p)|VR|? + 4R|Ric|* — 4pR?
hence, for i € (0, 3(1i4p)),
0 IVR/? ) 5 2[Ric[?|VR]?
— _(1— b B < S bt N i
(5 - - ama) (FRE - wr2) <corvrie? - 2]

+ 2n(1 — 4p)|VR|? — 4nR|Ric|? + 4npR3
4
< C(p)|VRic]” — 2n(1 = 3p)R?,

where we used again the bound on |Ric|?.
The next step in Hamilton’s proof is to exploit the fact that the evolution equation of |Ric|? has

a good term —2/21|VRic|? and here is where we find a substantial difference between the Ricci
flow and the RB—flow.
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LEMMA 4.3.7. In (M, g(t)) is a solution of the RB—flow on a compact 3—manifold, then the traceless
Ricci tensor |Ric|? satisfies the following equation

9 . 1 2
o Ricl? = ARic]? + p(gA(Rz) ~ 2(Ric, V2R>> — 2|VRic + (1 - p)| VR]?
I 26 -2 2 3
— 8tr(Ric”) + 3" 4p |R|Ricl]* =21 — 37 R”.

PROOF. By using the evolution equations of the Ricci tensor in dimension three (4.1) and of
the inverse of the metric (3.7), we have

0 S 2\ 0 ik gl
5 IRicl) = = (RijRiug™g")
=2(Ric QRic> + ZQ(gik)R Ryg’!
ot ot "
=2(Ric, ARic — p(V2R + AR) — 6Ric? + 3RRic + (2|Ric|? — R?)g)
+ 4tr(Ric®) — 4pR|Ric|?
= A|Ric|? — 2|VRic|? — 2p(Ric, V2R) — 2pRAR
— 8tr(Ric®) 4 (10 — 4p)R|Ric|*> — 2R3
= A|Ric]* — 2p(Ric, V?R) — pAR? — 2|VRic|? + 2p|VR|?
— 8tr(Ric®) 4 (10 — 4p)R|Ric|*> — 2R3.

The proof is completed by using the equality [Ric|> = [Ric|? — R? and the evolution equation of
R? written above. O

We underline that, even if we collect the terms differently, in order to highlight the operator
(1—4p)A acting on |Ric|?, there are some second order terms that cannot be expressed in this way
nor they have a definite sign. Therefore, as we did in order to get Bando—Bernstein—Shi estimates
in Theorem 3.4.1, we prove the following integral estimate.

PROPOSITION 4.3.8. Let (M, g(t)) a solution of the RB—flow on a compact 3—manifold. If go has
positive Ricci—curvature and p < 1/10, then for every n < 1/3 there exists K (go,n, p) < +oc such that

VR/?
/ | R' duggn/ R*du, + K (4.12)
M M

as long as the solution of the RB—flow with initial data gy exists.
PROOF. Since M is a compact manifold without boundary, by the divergence theorem, for
every f € C°(M), [,, Af dug =0.

By using the previous computations, the evolution of the volume form dy, along the flow and
the fact that M is compact without boundary, we get

d [ |VR]2 9 [|VR[? / )
— du, = — dug — (1 -3 R|7d
i | S = [ 5 (SR ) - =30 [ [9RP s,

VR |? V|Ric|?, VR VR/2|Ric|?
—2(174/))/ R‘V(R) dug+4/ %dugﬁ/ %
M M M

Ric(VR, VR
o [ (FORR - WRE Yy — (1 39) [ VRP .
M M

dpig
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Therefore, for any n < 3, if p > 0,

d IVR|? , / (V|Ric|?, VR) / IVR|?|Ric|?
a _ du, <4 [ RO VR g o [ IVRPICE
dt /M( R )dre st | R Hg v R2 Hg

+ a1 —4p) = (1=3)) [ |VRE dp,

~an [ RIRicPdu, + 01+ p) [ R d,
M M

1
§16/ IVRic|? dyy — (1f fp)/ IVR|? dp,
M 3 M
1 ;
- 577(1 - 30)/ R dig
M

1
<16 [ (TRl dty ~ (L~ 30) [ Ry,
M 3 M

while, for p < 0,
d |VR/? ) 12 22 / 2
— - du, <1 dpg — (1+ = VR[%d
pr M( R R ug_G/M\VRICI Iig (+3p) MI I* dug

1
- -n(1 —3p)/ R® dpg
3 M

2220 . 1
< (16 -3 p) /M |VRic|? dugy — gn(l —3p) /M R3 du, ,

where, in the last inequality,we used again Hamilton’s estimate (4.11) to get rid of the positive
coefficient before [, |VRic|? dpg.

Now, we draw our attention to the evolution of the integral norm of the traceless Ricci tensor, us-
ing Lemma 4.3.7 and again the divergence theorem in the first equality, while in the second equal-
ity we integrate by parts [, (Ric, V?R) dj, and use the contracted Bianchi identity 26(Ric) = VR.

d/ % (2 / 9 2 1o % (2
— Ricl“du, = — (|Ric]®* — =R* ) du, — (1 — 3p RI|Ric|* du
g [ IRl dug = |2 (IRicl? = SR} duy — (1=3p) | RIRicl? dpg

2
- / (- 2p(Ric, V2R) — 2/ VRic|? + S PIVRI) dp
M

+ /M (— str(Ric®) + (% - 4p)R|RiC|2 - 2(1 - %p)R?’ —(1- 3p)R|R°ic|2) dpg
< / (— 2|VRic|? + HTpWRF) dp,
M

26 :
+ / ( — 8tr(Ric®) + §R|Ric\2 —2R?® — (1 + p)R|Ric|2> dpig
M

By [49, Lemma 11.5], we can estimate the last row as follows
26 . .
—8tr(Ric?) + §R|Ric\2 — 2R3 — (1 + p)R|Ric|? < (3 — p)R|Ric|?

Now, if p > 0, the coefficient of [,, [VR|?dpu, is positive, hence we apply Hamilton’s esti-
mate (4.11) and obtain
—2420p

21
hence, in order to have a “good” non positive term, we must impose p < 1/10, otherwise the
evolution of [Ric|? is useless. By this assumption, we choose a constant C' > 7257 and obtain

d VR|? - 1 :
%/ (' R‘ —nR? + CIRlcl2dug> dg < —3n(1 — 3p)/ R¥ dpy +C(3 — p)/ R|Ric|? dy, -
M M M

2
_2|VRic|® + %WM‘Z < VRic|?,
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If p < 0, we use Hamilton’s estimate (4.11) only for the positive part and obtain
2 2
—2|VRic|? + #WRP < —ﬁ|VRic|2 :

therefore, choosing a constant C' > 2} (16 - %p) , we obtain the same inequality above.

By using Proposition 4.3.1, we can estimate the traceless Ricci tensor part with R2-29 hence,
depending on 7, C' and §, there exists C’ such that

d 2 .
— <|VR| —nR? + C’|Ric|2d,ug> dpg < C',

and, by integrating the inequality with respect to the time parameter and using that the flow
exists only up to a finite maximal time 7', we finally get

VR/?
/ %dﬂgfn/ R2dug+Kv
M M

where K depends on 7, p and the initial metric gy, since again we have an upper bound for T
depending on min R, . a

Along the same lines, we can prove a slightly different estimate.

PROPOSITION 4.3.9. Let (M, g(t)) a solution of the RB—flow on a compact 3—manifold. If go has
positive Ricci-curvature and p < 1/10, then there exists a(go) € (0,1/2) such that for every 8 > 0 the
solution of the RB—flow with initial data g, satisfies

VR/|?
/ | R‘ dugéﬁ/ R*™*dp, + K,
M M

where K < +oo depends on gy, § and p.

PROOF. With a straightforward computation we get
0

5 (R27) = (2= )R~ ((1 — 4p)AR + 2[Ric|? — 2pR2)
=(2-a)AR*™) — (2 —a)(1 — a)R™¥VR[* +2(2 — a)(|Ric|* — pR?).
Hence,
o[ redn, = [ L@, - -3 [ R,
dt Jus v Ot "

— (-4 a1 a) [ ROUTREd, +2(2 - a) [ RIRi duy
M M

—((1=3p)+2p(2— ) /M R*™*dpu,

>~ (1-4p)2-a)1-a)

1
R™|VR|* du, + 5(1 —3p)(1 - 20) / R *dpu, .
M

M
Using again Hamilton’s estimate (4.11) and the fact that min R,(;) is non decreasing during the
flow, we get

(1-4p)(2 —a)(1 — a)R™¥|VR|? < ¢(p, a)(min Ry, ) ~*|VRic|?.
If p € [0,1/10), we can choose a constant C(p, a, §) such that

—2+420p <

16 + B (p, @) (min Ry, ) ~* + C 51

0.
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Therefore
i |VR/|?
dt Ju R

— BR* 4 O|R°ic|2> dpg < 16/ |VRic|? dpg, +/ B(1 —4p)(2 — a)(1 — a)R™¥|VR|* dp,
M M
2
+ C/ ( — 2|VRic|? + ﬂWRF) diig
M 3
) 1
+ [ (€G- RGP~ £(1 - 3p)(1 - 20) 585 di
M 3

. 12 1 -
< /M (C(3 = RIRiC = 5(1 = 39)(1 — 20)5R*) ds.

As before, the inequality above holds even if p < 0 (for another constant C).
Regarding the last term, again by Proposition 4.3.1, with o < min{1/2,24}, where ¢ is the expo-
nent of the proposition, we obtain
d |VR/?
dt Jp \ R
and we are done by integrating the last inequality. O

— BR2 4 C|R°ic|2) duy < C',



CHAPTER 5

Present and future works

In this chapter we briefly recall some questions posed throughout the thesis, together with
some open problems.

5.1. The renormalization group flow

A natural issue is to give a rigorous mathematical foundation to the derivation of the renor-
malization group flow and of its expression in the perturbative regime. This is actually out of our
reach at the moment.

As of the two-loop RG—flow, studied in Chapter 2, in their recent work [45], Gimre, Guenther and
Isenberg present some known and new results about special classes of solutions for the RG**~
flow, such as fixed points, constant curvature solutions and solitons. For instance, they show
the existence of a unique rotationally symmetric 2-dimensional steady gradient soliton with con-
stant positive curvature, analogous to Hamilton’s cigar for the Ricci flow. In the last section of the
same work one can find a comprehensive list of open problems, among which the investigation
on some Perelman-type entropy functionals, both for the first order truncation (the Ricci flow)
coupled with some other flows, as proposed by Tseytlin in [78], and for the second order trunca-
tion, for which quadratic Riemannian functionals might be useful (see also [68]).

In Section 2.2, we approached another question which is fundamental for the future research on
this topic: since the existence (and uniqueness) of solutions is only guaranteed in presence of
a suitable condition on the sectional curvatures of the metric, it is crucial to find out whether
this condition is preserved by the flow, to begin the analysis of long time behaviour of solutions.
We restricted our attention to the three-dimensional case, as in general dimension the evolution
equations of the geometric quantities are quite involved. At the present time, we know that the
quasilinear differential operator in the evolution equation of (minus) the Einstein tensor remains
elliptic as long as the short time condition is fulfilled, but the reaction term is not well behaved
in general. Therefore, as future investigation, we will try to see whether subsets of initial data
defined by stronger conditions can be preserved by the RG?%~flow.

5.2. The Ricci-Bourguignon flow

The basic properties concerning this family of flows established in the present thesis, together
with the results on their solitons proven by Catino and Mazzieri in [21, 22], open several lines of
research.

First of all, we briefly review some questions already stated in the previous chapters.

- The short time existence of the Schouten flow, corresponding to the value 1/2(n — 1)
of the parameter p, is open, because of the presence of an extra degeneracy, besides the
ones due to geometric invariance, in the principal symbol of the linearized operator (see
Section 3.1).

- The research of geometric conditions preserved by the RB—flow in general dimension
other than the ones found in Section 3.3, possibly applying the set of ideas of Bohm and
Wilking in [7].

- In dimension three, most of the conditions preserved by the Ricci flow are also preserved
by the RB-flow (see Section 4.1), since the evolution equation of the Ricci tensor has a
p-independent reaction term. Nevertheless, the presence of the p—dependent term in

68
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the system of ODEs associated to the curvature operator might lead to other preserved
cones.

- A Hamilton-Ivey type estimate is currently available only for non negative values of the
parameter p and we do not expect to generalize it to negative values of p. In this case,
it should be interesting to explore whether the RB-flow develops a different behaviour,
maybe for p below a certain range.

- Besides the previous questions, all related to various applications of the maximum prin-
ciple, in some cases the quantities involved do not satisfies a reaction—diffusion equa-
tion, hence we no longer have pointwise estimates and we look for integral bounds.
For instance, the integral a priori estimates proven in Section 3.4 are sufficient to prove
that a maximal solution existing up to a finite time has unbounded curvature, but we
actually lack a pointwise estimate on the square norm of the Riemann tensor. Another
example is the integral estimate for the gradient of the scalar curvature proven in Sec-
tion 4.3.1: the pointwise analogue for the Ricci flow proven by Hamilton in [49] is the
key tool to get convergence of the normalized flow to a constant curvature metric on a
compact three manifold with initial positive Ricci curvature. We are therefore looking
for stronger integral estimates to be used to generalise Hamilton’s argument.

- A local version of Bando-Bernstein-Shi estimates of Theorem 3.4.1 could enable us to
improve the convergence result in the 3—dimensional Ricci positive case (Theorem 4.3.3),
by assuming only a control of the injectivity radius (see the final remark of Section 4.3).

- Many facts have already been established on p-Einstein gradient solitons in the three—
dimensional case by Catino and Mazzieri in [21, 22]. The known results are recalled
in Section 4.2, where we discuss also possible ways to continue the classification, in
particular in the shrinking case for positive values of the parameter p. Anyway, in the
compact case, it seems more promising a static point of view, as the one exploited by
Eminenti, La Nave and Mantegazza in [37], rather than Ivey’s argument carried out for
the Ricci flow in [58]. In the complete non compact case, a local version of Hamilton—
Ivey estimates, as the one proven by Chen in [24, Section 2] for the Ricci flow, would be
sufficient to have a rigidity results for any p € [0,1/4].

We conclude with some partial results on another direction of research, which could certanly
help, if successfully carried out, to answer some of the previous questions.

5.2.1. The functionals F¢. The first of the several results due to Perelman is the fact that the
Ricci flow is of “gradient type” in a more general space than the one of Riemannian metrics on M.
Therefore, it is not surprising that we try, for the Ricci-Bourguignon flow, to find an analogous
structure, or at least some entropy type functionals, that is, monotone quantities along the flow.
In this section we present partial results on some monotone functionals under the RB—flow simi-
lar to the functional of Perelman F : I'(S2 M) x C>(M) — R, defined by

Flg, f) = /M R+ V) e dug. (5.1)

We start observing that the precise analogue of Perelman’s functional for the Ricci-Bourguignon
flow is the following one,

Flo.f) = /A (= nR+ [97P)e diy. (5.2)

This expression comes from the steady gradient p—Einstein solitonic equation (3.24), traced and
then integrated by parts, with respect to the measure du = e~/ du,. However, taking inspiration
from Li’s paper [60], who showed a general class of monotone functionals under the Ricci flow,
we relax the definition in the following way:.

Given a constant C' € R, let F¢ : T'(53 M) x C*(M) — R be the functional

Felg. f) = /M<CR+ Ve dpy (5.3)
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where M is a fixed n—dimensional, smooth, compact, differential manifold, ¢ is a Riemannian
metric on M and f is any smooth function.

We start computing the first variation of the functional F¢, letting the metric g and the func-
tion f vary and setting % g = hand % f = k to be respectively the variations of g and f. We recall
the first variation formulas for the standard measure and the scalar curvature of the metric g

0 1 0 .
&(dug) = itr(h)dug , &R = —Atr(h) + 6%h — (h,Ric),
where, as usual, we have omitted the g-dependence in the trace tr and the divergence § operator.

Then the first variation of 7 can be computed as follows

%fc = /M (C’%RJr%(|Vf|2)+(C’R+|Vf|2)(tr(h)/27k))e*fdug

/ (c( — Atr(h) + 6%h — (h,Ric)) — h(V £,V f) + 29(Vk, V f)
M

+ (CR+ V) (tr(h)/2 — k))e-f dpig -

Since M is compact with no boundary, by the divergence theorem, for every function ¢ € C*°(M)
and for every symmetric two—form o € I'(S?M) there hold

[ avefan, = [ (912 - ane duy,
M M

8%ce 7 dpg = / (U(Vf, V§)— (o, V2f>)e_f dprg ,
M M

[ oo vne i, = [ o(9I2 = ane duy.
M M
Hence, the first variation of the functional becomes
d
ﬁfc = /M ( — C(h,Ric 4+ V2f) + (C = )(Vf, V)
+ (= Ctr(h) +2k) (IVf|* = Af)
+ (CR+ |V £2) (tr(h)/2 — k))e’f ditg
- / (— b Ric + V2f — pRg) — CpRix(h) + (C ~ DAV £,V )
M
+ (= Ctr(h) +2k) (IVf|* — Af)

+ (CR+ [V F]?) (tr(h)/2 — k))e’f dptg .

Now, following Perelman, we consider the variation of the metric given by the Ricci-Bourguignon
flow, modified by the family of diffeomorphisms generated by the vector field —V f, hence,

h = —2(Ric+ V?f —pRg), tr(h) = —2((1 —np)R+Af)

and we obtain

difc = / (2C|Ric+V2f — pRg|* + 2CpR((1 — np)R + Af)
t M

—2(C —1)(Ric+ V2f — pRg)(V £,V f)

+2(C(1L = np)R+ CAf +k)(|Vf]> = Af)

— (CR+|VFP)((1 - np)R+ Af + k))e*f ditg .
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We now want to use the square in the first line in order to control the terms in the second line,
hence we rewrite the formula as follows,

d

prc / (2|Ric + V2f — pRg|? +2(C — 1)|Ric — pRg|? (5.4)
M

+2(C = 1)|V2f|> + 4(C — 1)(V? £, Ric — pRg)

+2Cp(1 — np)R% + 2CpRAf

—2(C = 1)(Ric + V*f — pRg)(V [,V [)

+2(C(A—np)R+CAf+Ek)(IVf]* = Af)

— (CR+|VIP) (1 —np)R+Af + k))e’f ditg
- /M (2|Ric +V2f — pRg|? + 2(C — 1)|Ric — pRg[?

+2(C = 1)|V2f|? +4(C — 1)(V? £, Ric)

+2Cp(1 — np)R? — 2(C — 2)pRAf

—2(C — 1)(Ric+ V?f — pRg)(V£, V)

+2(C(1—np)R+CAf+k)(|Vf]* — Af)

— (CR+|VFP)((1 - np)R+ Af + k))e—f ditg .

Using again the divergence theorem and the contracted Bianchi identity éRic = VR/2, integrat-
ing by parts, we have

/ (V2f Ric)e T dp, = / (Ric(Vf,Vf)—g(Vf,aRic))e—fdug
M M

| (Ric(VF.9) = 30(91.TR) )¢

[ (Rie(V2.95) 4 SR(AS = 1V57)) ey,
M
and
[V HOEIN dug =5 [ VIR(VIP - An)e dug =5 [ AVFP duy.
M M M

Hence, substituting these terms in formula (5.4) and collecting, we get

d

—Fo = / (2\Ric+V2f—pRg\2+2(C’—1)\Ric—pRg\2
dt u

+(C —1)(2Ric(VF, V) + 2|V f|? — AV f]?)
+2pR(C(1 —np)R — (C = 2)Af + (C — 1)|Vf|?)
+2((1 = Cnp)R+ CAf+ k) (IVf]? = Af)

— (CR+|VFP) (1 —np)R+ Af + k))e*f dpsg -
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Using now the Bochner formula for |V f|? (see [30, Section 4.3])
AV 2 = 2|V f|* + 2Ric(V S, V) + 2(VAS, V),

we obtain

%}'c = /M (2\Ric £ V2 — pRg|? +2(C — 1)|Ric — pRg[?
—2(C — 1)(VAL V)
+2pR(C(1 = np)R — (C = 2)Af + (C = 1)|V f|?)
+2((1 = Cnp)R+ CAf +k)(IVf]? = Af)
— (CR+ V1) (1= np) R+ Af +5) e dug

- /M (2\Ric +V2f — pRg|? + 2(C — 1)[Ric — pRg|? (5.5)

+20R(C(1 —np)R— (C = 2)Af + (C = 1)|V[]?)
+2((1=Cnp)R+Af+k)(IVfI* = Af)

— (1= np)R+Af + k) (CR+ |Vf|2))e’f dig

where we integrated by parts the term in the second line and collected the result.

REMARK 5.2.1. For C' = 1, we are looking at the behaviour of the original Perelman’s func-
tional (5.1) along the RB—flow, then the computation simplifies considerably and we get directly
from equation (5.4) or from equation (5.5)

d

—F = / <2|Ric +V2f = pRg[” + 2pR((1 = np)R + Af)
dt M

+ (R(1 = np) + Af +K)(Vf* =281 = R) )e ™ dpy

If we consider now the coupled variation of f that preserves the measure du = e~/dp,, that is,
k=—((1-np)R+Af), we get

d
@fl = / ((2|Ric + V2f — pRg|? +2p(1 —np)R* + 2pRAf)e_f dpg .
M

The first term is a square hence non negative, the second one is quadratic in R, hence it is non
negative if p is non negative, the third term does not have a definite sign, but we could use the
square to get rid of it in the following way. By means of the Cauchy-Schwarz inequality

[tr(o)]?

n

of* > , (5.6)
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which holds for every symmetric 2-form o, applied to Ric + V2f — pRg, we look for a positive
constant A € (0, 2] such that
d

Gz [ (- AR V2 - phoP
dt '

A
+ (@ -npR+ Af)’ +2p(1 —np)R2 + QpRAf)e*f dpig

> / ((2 — A)|Ric + V2f — pRg|?
M
1- 2
+ nnp ((1—np)A+2np)R* + -~ (1=np)A+ np)RAf)e*f dpg .
The suitable constant is therefore A = —np/(1 — np) < 1, which is negative for positive values of

p, while it is positive and less than 1 for negative values of p, but in this last case the coefficient
before the square of the scalar curvature becomes negative. Hence, for p # 0, we are not able to
establish whether Perelman’s functional is monotone along the Ricci-Bourguignon flow.

Therefore, as a first possibility we allow a more general variation of f, putting

k=—-Af—R(1—mnp)+2pR and C=

n

n—1
in formula (5.5). We obtain

d 2

—F n_ / (2|Ric + V2f — pRg|* + ——|Ric — pRg|?
dt n—1 M n — ].

n n—2

1—np)R
(1—mnp) +

+20R ( Af+ni1\Vf|2)

n—1

+ 2pR(2 - %) (V2= AF)

—2pR(%R+ \Vf|2))e’f ditg

1
2/ <|Ric + V2f — pRg|? + ——|Ric — pRg|?
M n—1

o (0 )

1 o2
_ 2/ <|Ric +V2f — pRg|? + ——|Ric — pRg[?> — —— p2Rz>e—f ditg
M n—1 n—1

In order to obtain a sufficient condition for the monotonicity of _»_, we consider again the
Cauchy-Schwarz inequality (5.6) and apply it to ¢ = Ric — pRg obtaining

1— 2
IRic — pRg|? > %RQ.

Hence, by a straightforward computation, if p satisfies the condition

-1—+v2n —1++2n
pe ni2n—1)" n@2n—-1) |’

then,

d
—Fau > 2/ [Ric + Vf — pRg|*e ™ dpg
dt n—1 M

that is, the functional F _»_ is monotone during the RB—flow.

We summarize this computation in the following proposition.

PROPOSITION 5.2.2. Under the coupled system

9 g = —2(Ric+ V2f — pRg)
{ %f =-Af-(1—-npR+2R (6.7)
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the functional F_»_, defined by formula (5.3) with C = 25, satisfies the following variation formula

1 n—17/
; 2 2 1 ; 2 20° 5o ~f

Fon_ =2 (|R1C +V°f —pRg|" + ——|Ric — pRg|* — ——p°R )e dug. (5.8)

n-1 M n—1 n 1

4
dt
Therefore, F _n_ is non decreasing along the coupled flow (5.7), provided that

, [1@ —1++2n

n(2n—1)" n(2n—1)

A second possibility arises from equation (5.5) if we suppose that the initial manifold has non
negative scalar curvature. Since we proved, in Proposition 3.3.1, that this condition is preserved
during the RB-flow, we can argue that the terms in R|V f|? of equation (5.5) have the sign of their

coefficients. Hence, imposing the preserving measure variation of f, k = —Af — (1 — np)R, we
get

d

—Fc = / <2|Ric + V2f — pRg|? + 2(C — 1)|Ric — pRg|?

dt M

+2pR(C(1—np)R — (C ~ DAf + (C — 1)|VfP)

—2p(C = DAR(IVf2 = Af) e dpy

/ <2|Ric+V2f—pRg|2 +2(C — 1)|Ric — pRg|? (5.9)
M

—2p(n —1)(C = DR|V|?

+2p(n(C —1) = C+2)RAf + 2p(1 — np)CRQ)e_f dug ,

Since C > 1, the term in the second line is non negative for non positive values of p. As before,
the term containing RA f has not a definite sign and we use the Cauchy-Schwarz inequality (5.6)

2
2[Ric + V2f — pRgl? > 2 (1~ np)*R? + (Af)? +2(1 ~ np)RAS)
to make null its coefficient, obtaining the following equation for the constant C
2
0=~(2=2np+n*(C—1)p—n(C~-2)p),

hence,
2—np
= 1 _——_— .
C nn =1’ (5.10)
which is always greater than 1 for negative values of p. Finally, by applying the Cauchy-Schwarz
inequality also to the second square in the first line and collecting the terms in R? we obtain

d 2C(1 —np)

S Fo > / R*e ' du, > 0. (5.11)

n

By means of the previous computation we are then able to prove the following proposition.

PROPOSITION 5.2.3. Suppose (M, g(t)) is a compact solution of the Ricci—-Bourguignon flow on
[0,T) for p < 0. If g(0) has non negative scalar curvature, then there exists a constant C = C(p,n), defined
by equation (5.10), such that the functional Fc is non decreasing along the coupled Ricci—Bourguignon
flow

o .
{ SF——Af— (- np)R+ [V (512

Moreover the monotonicity is strict unless the solution is a trivial Ricci—flat soliton.
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PROOF. To prove the first part of the proposition, it is sufficient to follow Perelman’s work [69,
Proposition 1.2] (for instance, see [25, Sections 5.2] for details). Indeed, by modifying the varia-
tions of g and f by means of the 1-parameter group of diffeomorphisms generated by the vector
field V f, we recover the RB-flow evolution equation for the metric g, while f satisfies

0
o = =B = (L=npR+ |V,

Since the functional F¢ is invariant by this diffeomorphism action on both g and f, the inequal-
ity (5.11) gives the monotonicity.

In order to prove the last statement, we observe, from the same inequality, that if the variation at
time s is 0, then the metric g(s) has null scalar curvature, and the variation formula (at time s) of

equation (5.9) becomes

0= ifc(s) = / <2|Ric + V2f|2 +2(C - 1)|Ric|2)e—f dpg -
dt M -

Hence, the metric g(s) is Ricci—flat and f(s) is constant since it is an harmonic function on a
compact manifold. By uniqueness of the solution of the Ricci-Bourguignon flow for p < 0, we
conclude that ¢(0) is Ricci—flat and ¢(t) = ¢(0) for every time ¢. O

REMARK 5.2.4. We observe that the “natural” functional (5.2), arising from the soliton equa-
tion (3.24), corresponds to F¢, for C = (1 — np) > 1 for negative values of p. But, even under the
hypotheses of non negative scalar curvature, we are not able to control the term containing RA f
in the variation formula by means of the squares of the first line.

REMARK 5.2.5. Another way, non yet explored, to relax Perelman’s original idea is to con-
sider the class of functionals

Falg. f) = /M (1= np)R + BIVF2) e dpy

where (5 is a real constant. The expression above comes again from the steady soliton equation,
but integrated with respect to the measure e=#/ dp,,.

The investigation of functionals of type W-entropy, either scaling invariant @ la Perelman, or
in the relaxed way of Li, is at the beginning. A monotonicity formula for these quantities might
lead, for instance, to a lower bound for the injectivity radius, allowing us to take limits after the
blow-up procedure, in presence of a singularity of the flow.

More generally, we are also investigating if some variational techniques, useful for the Yamabe
flow, can be employed successfully in the study of the Ricci-Bourguignon flow.

Finally, we mention that an application of the present work can be found in the recent pa-
per [23] by Chen, He and Zeng, who studied monotonicity of eigenvalues of Laplacian-type
operators —A + cR, where c is a constant, along the Ricci-Bourguignon flow.



APPENDIX A

Lie algebra structure of A*(7,M) and algebraic curvature
operators

In this section we fix the notations about the Lie algebra structure that we put on A%(T,,M)
which allows us to see the algebraic properties of the curvature operator and of its evolution
equation.

We recall that, thanks to the symmetries of the Riemann tensor Rm, the associated curvature
operator R can be seen as an element of Endga(A?(TM)) ~ S?(A*TM*), where S A means self—
adjont with respect to the extension of g to exterior powers of T M. There is one more algebraic
property satisfied by a curvature operator, the first Bianchi identity, which define a subspace of
S?(A*T M*) which we will denote with C,(M). Following [42, Chapter 3, Section K], given a vec-
tor space with a scalar product (V, (, )) we define the space of algebraic curvature operators Cp(V')
as the subspace of S?(A?(V*)) of elements that satisfy the first Bianchi identity.
Here we do not follow the original convention of Hamilton on the curvature operator, afterward
used also in [29] and [26], as the convention used, for example, in [1] seems more natural, even
if the difference between the two notations is only a matter of constants. More precisely, with
Hamilton’s convention the eigenvalues of the curvature operator are twice the sectional curva-
tures, while here the eigenvalues are the sectional curvatures.
The construction below is the same for every point p € M at any time, so to simplify the notation
we denote with (, ) the scalar product on 7, M given by the metric g at a generic time ¢. If {e;} is
an orthonormal basis of 7,,M, then {e; A ¢; },<; is an orthonormal basis of A%(T}, M), as the scalar
product is extended canonically by
_ (X,w) (X, 2)

(X ANY,W A Z) = det ((Y,W) <Y,Z>> .

Now, in order to understand the reaction term in equation (3.9), we have to identify A?(7,M)
with the Lie algebra so(n), by mapping an element X A Y to the linear endomorphism of T, M ~
R™ given by

XAY(W) = (Y,W)X — (X, W)Y,
that is, the generic element of the orthonormal basis ¢; A ¢; is identified with the matrix E;; — Ej;,
where E;; is the matrix with all null entries, except the (¢, j)-th which is 1.
The structure of Lie algebra is thus inherited by A?(T,,M) with the bracket of so(n)
lei Nej,er A el =(Eij — Eji) (B — Eig) — (B — Eig)(Eij — Eji)

=0;Ey — dinEji — 051 Eii + 0Bk — 6y By + 0By + 051 ki — 01

= (5jkel- Ne — 5ik6j Nep — 5]'[61' N ey + 5il€j N eg .
Using the scalar product (,) we can also canonically identify A*(T,M) with A?(T; M), therefore
any ¢ € A*(T; M) can be written as

i . 1 i .
cpzz:goije /\63252%3'6 Nel
i<j 2J

where {€'};_1 ., is the dual basis of T,y M and e’ A e/ (e, e;) = €' N el (e, Aey) = (e; Nej,ex Ner)

from the canonical identification. In this way the coefficients of ¢ are

plerer) = Y pije’ Al (ex,e1) = r = (p,ex Aer).
i<j
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i.e. the notation is consistent.
It is a simple computation to show the structure of the Lie algebra A%(T,,M) (and the correspond-
ing one of A?(Tx M)) with respect to the basis {e; A e; }i<;.

[p, V)i = Z PipPpj — VipPpj
P

To simplify the notation, we can consider a generic orthonormal basis {9a}a:1,...,n(n—1) /2 of
A?(T,M); then the Lie algebra is encoded in the structure constants ¢ ; defined by

[, 05] =Y _ €l 46+
v

These structure constants satisfy the following properties

1) ¢ aﬁ = ([0, 03], 6,) as the basis is orthonormal;

2) c Cap Cga = _C»O;ﬁ/'
(3) if {cp } is the dual basis of A*(Ty M) with corresponding constant structures ¢, then
aﬁ =
ap:

We can now define the two following symmetric inner products of S*(A*(7}; M )) that we will use
to rewrite the reaction term in equation (3.9). Given P, Q € S*(A*(T,; M)), we set

(PQ)ap = % Y (ParQys + Qay Pyg) (A1)
vy

(P#Qas = 5el1e} ProQus (A2)

Finally, we write some useful relations between the curvature operator and the Riemann tensor:
with respect to the orthonormal basis {e; A ¢; };<; we have

1
eZAeJ ZREZZ))ek/\el = 52R§f;))ekAel,
k<l k,l

where, by definition, R(m = R;jri. The relation between the scalar curvature R and the coeffi-
cients of the curvature operator w.r.t. this frame is the following

R = Ryjug’g’ = Z Rikik = 2 Z Rikir = 2 Z REZ’;% . (A.3)
k=1 i<k i<k

By the symmetries of the curvature operator, it is easy to see that R is self-adjoint with respect to
(,), therefore it can be considered as an element of S*(A*(T; M)), thatis R = Y ap Rapp® ® ©°,
with

Ra[g— Ga,ﬁﬁ Z@ el/\ej,z%ek/\el Z ngﬁ ijkl -

1<j k<l 1<j,k<l

where {¢“} and {0, } are dual orthonormal basis of A?(T;y M) and A*(T,M).
LEMMA A.0.6. The following equations hold true

(R*ijiu = BRm)jp — B(Rm);j, ; (A.4)
(R#R)ijre = BRm)ixj — B(Rm)y (A.5)

where B(T) ik = g7 TipjrThqis for every (4,0)—tensor.
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PROOF. Both the equations follow by straightforward computations, where we use several

times the previous formulas. By definition, we have

R? = (R%)app™ ® o = ZRavRvﬁwa ® o°
gl

S ST 6960290505 R e Rera o™ @ o°

v oi<g,p<q s<t,k<l

Z Z Z ezqefthiquRstkl(ei ANel) @ (eF ne)

v o<y, p<q s<t,k<l

Z Z <ePNned e Net > RiquRstkl(ei Nel) @ (eF Ael)

1<j,p<q s<t,k<l

= Y. RipRpga(e Ae) @ (e nel).

1<j,k<l,p<q

Therefore, using the first Bianchi identity,

R?jkl = Z RijpqRiipg = Z(Riqu + Riqu)(Rkpql + Riqip)
p<q p<dq
1
= E(Bijkl — Bijit — Bijik + Bijki) = Bijii — Bijik -

For the second equation, we get

« 1 14
R#R = (R#R)ape” ® ¢ = 521} Ros R
1 . )
= 5 D AFRuRpeGo(e Aed) @ (F Aeh).
i<jk<l

Now, by definition of the structure constants, it follows

ol = (@7 @"0a)e5 = 7, " (ei Nej)
= ) (phel — o)
P

and in the same way
oy =Y (D0t — Praly) -
q
Plugging these two last formulas in the expression of (R#R)ijr = Rf; »» we obtain

1 1% 1%
R = 52 (0hen —ehop) (@i — Sg?u)Ras Ry
p,q
1 5 v 1 v 8
D) Z ‘pzp‘ij(pkq@quWan D) Z @Zp@;’jwkq@qu’wsRnu
p,q D,q

1 y 1 .
=5 D Pt PhaP iR Rar + 5 3 @l P Ras R

p.q p.q

1
= 9 Z(Ripququl - Ripqupjkq - Rpjquipql + RqulRipkq)
P,
1
= i(Bikjl — Biijk — Biiji + Birji) = Bikji — Biijk

by the symmetries of the curvature operator.
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