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Abstract

We study three different problems in this thesis, all related to G structures and geomet-
ric flows. In the first problem we study hypersurfaces in a nearly G, manifold. We define
various quantities associated to such a hypersurface using the Go structure of the ambient
manifold and establish several relations between them. In particular, we give a necessary
and sufficient condition for a hypersurface with an almost complex structure induced from
the Gy structure of the ambient manifold to be nearly Kéhler. Then using the nearly Gs
structure on the round sphere S”, we prove that for a compact minimal hypersurface M®
of constant scalar curvature in S” with the shape operator A satisfying |A|*> > 6, there
exists an eigenvalue A > 12 of the Laplace operator on M such that |A|> = X\ — 6, thus
giving the next discrete value of |A|? greater than 0 and 6 in terms of the spectrum of the
Laplace operator on M. The latter is related to a question of Chern on the values of the
scalar curvature of compact minimal hypersurfaces in S™ of constant scalar curvature.

The second problem is related to the study of solitons and almost solitons of the Ricci-
Bourguignon flow. We prove some characterization results for compact Ricci-Bourguignon
solitons. Taking motivation from Ricci almost solitons, we then introduce the notion
of Ricci-Bourguignon almost solitons and prove some results about them which generalize
previous results for Ricci almost solitons. We also derive integral formulas for compact gra-
dient Ricci-Bourguignon solitons and compact gradient Ricci-Bourguignon almost solitons.
Finally, using the integral formula we show that a compact gradient Ricci-Bourguignon al-
most soliton is isometric to an Euclidean sphere if it has constant scalar curvature or if its
associated vector field is conformal.

In the third problem we study a flow of Gs structures that all induce the same Rie-
mannian metric. This isometric flow is the negative gradient flow of an energy functional.
We prove Shi-type estimates for the torsion tensor T along the flow. We show that at a
finite-time singularity the torsion must blow up, so the flow will exist as long as the torsion
remains bounded. We prove a Cheeger—Gromov type compactness theorem for the flow.
One possible motivation for studying this isometric flow of Go-structures is that it can be
coupled with “Ricci flow” of Gg structures, which is a flow of Gy structures that induces
precisely the Ricci flow on metrics, in contrast to the Laplacian flow which induces Ricci
flow plus lower order terms involving the torsion. In effect, one may hope to first flow
the 3-form in a way that improves the metric, and then flow the 3-form in a way that
preserves the metric but still decreases the torsion. More generally, the isometric flow is
a particular geometric flow of Gy-structures distinct from the Laplacian flow, and both fit
into a broader class of geometric flows of Gy-structures with good analytic properties. In
the final section, we summarize the rest of the results on the isometric low which include



an Uhlenbeck type trick and the definition of a scale-invariant quantity © for any solution
of the flow and the proof that it is almost monotonic along the flow. We also introduce an
entropy functional and prove that low entropy initial data lead to solutions of the flow that
exist for all time and converge smoothly to a Gy structure with divergence-free torsion. We
study the singular set of the flow. Finally, we prove that if the singularity is of Type-I then
a sequence of blow-ups of a solution admits a subsequence that converges to a shrinking
soliton for the flow.
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Chapter 1

Introduction

The two unifying themes in this thesis are: special algebraic structures on manifolds, specif-
ically a Gy structure on a seven dimensional manifold, and geometric flows on manifolds.

Let (M™, g) be a Riemannian manifold. An algebraic structure on M corresponds to
a smooth section of some tensor bundle of M, satisfying some natural algebraic condition
at each point p € M. For example, an orientation on M is a nowhere vanishing smooth
section p € A™(T*M). An orientation compatible with the metric g is called an SO(n)
structure on M which is equivalent to a reduction of the structure group of the frame
bundle of M from GL(n,R) to SO(n). Another example is an almost Hermitian structure
on M which is a smooth section .J of the tensor bundle TM ® T*M such that J?> = —T
and g(JX,JY)=g¢g(X,Y) for all X, Y € I'(T'M). It is easy to check that such a structure
exists if and only if n = 2m is even. An almost Hermitian structure on M is a reduction
of the structure group of the frame bundle from GL(2m,R) to U(m).

A Gy structure on M, the subject matter of this thesis, is a special algebraic structure
which we can only consider in dimension n = 7. Topologically, a Gy structure on M is a
reduction of the structure group of the frame bundle of M from SO(7) to the Lie group
Go. From the point of view of differential geometry, a Go structure on M corresponds to
a special kind of 3-form ¢ on M. Such a pair (M, ¢) is a manifold with a Gg structure. In
addition, if the 3-form is parallel with respect to the Levi-Civita connection V of g, i.e.,
Vi =0 then (M, ¢) is called a Gy manifold.

One motivation for studying manifolds with a Gy structure is the following. The holon-
omy group of a Riemannian manifold is an invariant of the metric, defined as the group
generated by parallel transport around closed loops. In [Ber55|, Berger classified the pos-
sible holonomy groups of simply-connected, irreducible and non-symmetric Riemannian
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manifolds. Berger’s classification is given in the following table.

Dimension | Holonomy group Remarks

n SO(n) Generic Riemannian manifold
2m U(m) Kahler
2m SU(m) Calabi-Yau

4q Sp(q) Hyper-Kéhler

4q Sp(q) - Sp(1) Quaternionic-Kéhler

7 Gy Go-holonomy

8 Spin(7) Spin(7)-holonomy

Manifolds with holonomy SU(m), Sp(q), Sp(q)-Sp(1), Gz or Spin(7) are called manifolds
with special holonomy. With the exception of manifolds with holonomy Sp(q) - Sp(1), all
other special holonomy manifolds are Ricci-flat. In fact, all currently known examples of
irreducible and non-symmetric, compact Ricci-flat manifolds have special holonomy. In
particular, G, manifolds are always Ricci-flat.

Another motivation is that Gy manifolds have parallel spinors which make them very
useful in physics, especially in string theory. M-theory is an 11-dimensional theory which
is “compactified” on a 7-dimensional manifold (4 dimensions for space-time). For “super-
symmetric” reasons, the 7-dimensional manifolds must admit a non-zero parallel spinor and
hence must be a G, manifold. In this respect, G, manifolds are analogous to Calabi—Yau
3-folds which are the “compactified” spaces in the 10-dimensional string theory.

In Chapter 2 we discuss preliminaries on Gy geometry. We start with the definition of a
Gy structure on a seven dimensional Riemannian manifold and discuss the decomposition of
the space of differential forms on such a manifold. We describe the torsion of a Gy structure
and give an explicit description of the four torsion tensors along with their expressions in
local coordinates. This also allows us to define manifolds with nearly Go structures which
are the subject matter of Chapter 4. We then see the relationship between the torsion of
a Gg structure and the curvature of the induced metric.

The second theme of the thesis is geometric flows on a manifold. Geometric flows have
been a very powerful tool to study geometric structures. The Ricci flow introduced by
Hamilton paved the way for the solution of the Poincaré conjecture by Perelman. Similarly,
other geometric flows like the Kéhler-Ricci flow, the harmonic map heat flow, the Yang-
Mills flow and others have been indispensable tools for a variety of geometric problems.
In Chapter 3, we discuss some preliminaries on geometric flows. We start by describing



the basic idea of a flow on a manifold. We review the notion of parabolic partial differ-
ential equations and discuss short-time existence and uniqueness for a solution of such an
equation. We also discuss maximum principles for scalar and tensor equations.

Chapter 2 and Chapter 3 contains an introduction to the basic ideas involved in the thesis.

The new results start from Chapter 4 where we are concerned with minimal hyper-
surfaces in nearly Go manifolds. A G, structure on a manifold M’ induces a Hermitian
structure on any oriented hypersurface M. A G, structure ¢ is called a nearly Gy structure
if

dp = A @,
where A is a non-zero constant and x is the Hodge-star operator (see §4.1 for relevant
definitions). A Hermitian structure on a manifold M with an almost complex structure J
is called a nearly Kahler structure if

(VxJ)X =0, forall X e (TM).

Nearly Kéahler 6-manifolds and nearly Gs manifolds, apart from being interesting in their
own right, are also important as the Riemannian cones over them has holonomy contained
in Gy and Spin(7) respectively, both of which appear on Berger’s list. The first main result
in Chapter 4 is the following. The reader is urged to see the chapter for relevant definitions.

Theorem 4.1.2. Let M be an oriented hypersurface of a nearly Gy manifold (M, ).
Then (M, g,€) is a nearly Kéhler structure if and only if M is totally umbilic, i.e., for all
X el(TM)

AX = aX, (1.0.1)

where A is the shape operator of M in M and o € C>=(M).

Since there are very few known examples of nearly Kdhler 6-manifolds, Theorem 4.1.2 can
potentially be useful in finding some more examples.

The next main result in that chapter concerns the following question of Chern (cf.
[Yau82, pg.693])

Question 1.0.1. [Chern| Consider the set of all compact minimal hypersurfaces in S™™!
with constant scalar curvature. Think of the scalar curvature as a function on this set. Is
the image of the scalar curvature function a discrete set of positive numbers ¢

Since for any minimal hypersurface M™ with scalar curvature R in S"™', R = n(n—1)—|A|?
(cf. (4.2.7) in §4.2), the above question asks whether the set of |A|? for such hypersurfaces
M is a discrete set. The round unit sphere S” has a nearly G, structure, so a natural



question is whether we can say anything about the values of |A|* for compact minimal
hypersurfaces with constant scalar curvature in S” by using the nearly G, structure on it.
The second main result in the chapter concerns this.

Theorem 4.1.5. Let M be a compact minimal hypersurface of constant scalar curvature
in the unit sphere S7. If the shape operator A of M satisfies |A|*> > 6, then there exists an
eigenvalue A > 12 of the Laplace operator on M such that |A|? = X\ — 6.

Chapter 3 is concerned with the study of solitons and almost solitons of the Ricci-
Bourguignon flow which is a flow of Riemannian metrics on an n-dimensional Riemannian
manifold.

A family of metrics ¢g(¢) on an n-dimensional Riemannian manifold (M", g) is said to
evolve by the Ricci-Bourguignon flow (RB flow for short) if g(¢) satisfies the following
evolution equation

dg
ot
where Ric is the Ricci tensor of the metric, R is the scalar curvature and p € R is a constant.

We notice that the Ricci flow is a special case of the RB flow for p = 0. Moreover, from
[LW17, eqn. (3.6)] we see that up to the leading order term, the metric along the Laplacian

flow of closed Gy structures evolves by RB flow for p = —. This was the original motivation

for the author to study the RB flow. We prove various rigidity results for the solitons and
almost solitons of the Ricci-Bourguignon flow. The first main result of this chapter is the
following

Theorem 5.1.3. Let (M™, g, X, ), p) be a RB soliton with n > 3 and suppose that the
soliton vector field X is a conformal vector field.

1. If M is compact then X is a Killing vector field and hence (M™, g, X, A, p) is a trivial
RB soliton.

2. If M is non-compact, complete and gradient RB soliton then either X is a Killing
vector field or (M", g, X, A, p) is isometric to the Euclidean space.

We characterize compact almost soliton (see Definition 5.1.1) of the Ricci-Bourguignon
flow in the following

Theorem 5.1.5. Let (M™, g, X, \, p) be a compact RB almost soliton with n > 3. If X
is a nontrivial conformal vector field then M" is isometric to an Euclidean sphere.
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We also obtain an integral formula for compact gradient RB almost soliton. Precisely, we
prove the following

Theorem 5.1.9. Let (M", g,V f, A, p) be a compact gradient RB almost soliton. Then

L2

2 —
/ Ric — Eg (n=2)
M n

vol =
2n
The preceding theorem allows us to give some conditions when a compact gradient RB
soliton is isometric to an Euclidean sphere. More precisely, we prove the following

vol = %/]wg(VR,Vf)vol, (1.0.2)

/ g(VR,V f)vol. (1.0.3)

Corollary 5.1.10. A nontrivial compact gradient RB almost soliton (M", g,V f, A, p),
n > 3 is isometric to an Euclidean sphere if any one of the following holds

1. M™ has constant scalar curvature.
2. [, 9(VR,V f)vol <0.

3. M™ is a homogenous manifold.

In Chapter 6 we introduce and study a geometric flow of Gy structures all of which induce
the same Riemannian metric (see (6.2.8) for the precise expression). The isometric flow
of Gy structures is the negative gradient flow of a natural energy functional on the space
of isometric Gy structures, namely the the square of the L? norm of the torsion of the G,
structure.

One possible motivation for studying this isometric flow of Go-structures is that it can be
coupled with “Ricci flow” of Go-structures, which is a flow of Go-structures that induces
precisely the Ricci flow on metrics. In effect, one may hope to first flow the 3-form in a
way that improves the metric, and then flow the 3-form in a way that preserves the metric
but still decreases the torsion. More generally, the isometric flow is a particular geometric
flow of Ga-structures distinct from the Laplacian flow, and both fit into a broader class
of geometric flows of Go-structures with good analytic properties. A detailed study of
a general class of flows that includes both the Laplacian flow and the isometric flow is
undertaken in [DGK]. After some initial discussion about the flow we prove the first main
result of the chapter.

Theorem 6.2.12. Let (M7, ) be a compact manifold with Go-structure. Then the
isometric flow (6.2.8) has a unique solution for a short time ¢ € [0, ¢).
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Afterwards, we discuss the solitons for the flow. We then proceed to prove Shi-type esti-
mates for the torsion T' of the the Gy structure along the flow. More precisely, we prove
the following theorem.

Theorem 6.3.3. Suppose that K > 0 is a constant and ¢(t) is a solution to the isometric
flow on a closed manifold M” with ¢ € [0, 25]. For all m € N, there exists a constant C,,
depending only on (M, g) such that if

sup |T(z,t)] < K and |V/Rm| < B;K**7 for all j >0 on M" x [0, 7],
M

then for all ¢ € [0, 71z] we have
VT < Cout™ 2 K.

We also prove the local version of the above theorem. Using the Shi-type estimates we give
a characterization of the singular time or the maximal existence time for any solution of
the isometric flow in terms of the norm of the torsion tensor. Roughly speaking, we prove
that a solution of the isometric flow exists as long as the torsion 7' remains bounded. We
then proceed to prove a Cheeger-Gromov type compactness theorem for the solutions of
the flow. We finish the chapter (and the thesis) by briefly summarizing other results we
obtained on the isometric flow of Gy structures.

1.1 Notations and conventions

Throughout the thesis, unless stated otherwise, we use the symbol * to denote various
contractions between tensors whose precise form is not important, and thus we instead use
* for the Hodge star operator. When estimating the norms of various tensors, the symbol
C will be used to denote some positive constant, which may change from line to line in the
derivation of an estimate.

We very frequently use Young’s inequality
1.2 2
ab < 2. @ + %b s
for any e,a,b > 0.

Throughout the thesis, we do computations with respect to a local orthonormal frame, so all
indices are subscripts (unless stated otherwise) and any repeated indices are summed over
all values from 1 to 7. The symbol A always denotes the analyst’s Laplacian A = V'V,
which is the negative of the rough Laplacian V*V.



Our convention for labelling the Riemann curvature tensor is

0 0
ijkm g m = (ViV; — Vjvi)%>

in terms of coordinate vector fields. With this convention, the Ricci tensor is Rj, = Ryju,
and the Ricci identity is

ViViX) — ViViX) = — Ryiim X (1.1.1)

Schematically, the Ricci identity implies that

V"AS = AV™S =Y V™S % V'R, (1.1.2)
=0

for any tensor S, where as mentioned above, * denotes the contraction between tensors.
Here Rm denotes the Riemann curvature tensor. Thus for instance, for a (0, 2)-tensor «
the Ricci identity is

Vivjoékl - VjViOékz = _Rijkmaml - Rijlmakm-
We also have the Riemannian second Bianchi identity
ViRjkap + VjRyiap + Vi Rijap = 0,
which when contracted on 7, a gives
ViRipji, = ViRjp — VR, (1.1.3)

Contracting (1.1.3) on b and j gives the contracted second Bianchi identity

1



Chapter 2

Preliminaries on Go geometry

In this chapter, we review the notion of a Gy structure on a 7-dimensional manifold. In
§2.2, we will discuss the associated decomposition of the space of forms on such a manifold.
We describe the torsion of a Go structure and give an explicit description of the four
torsion tensors along with their expressions in local coordinates in §2.3. We then see the
relationship between the torsion of a Gg structures and the curvature of the induced metric
in §2.4. We list several identities which are used in later chapters. The main references
for this chapter are [Bry06], [Joy00], [Kar09| and [Karl9]. In particular, we use the sign
convention used in [Kar09] (which is opposite to that used in [Bry06] and [Joy00]).

2.1 Manifolds with a Gy structure

Let M7 be a smooth manifold. A G, structure on M is a reduction of the structure group
of the frame bundle from GL(7,R) to Gy C SO(7). It is well-known that such a structure
exists on M if and only if the manifold is orientable and spinnable (i.e., M can be given
a spin structure), conditions which are respectively equivalent to the vanishing of the first
and second Stiefel-Whitney classes. Thus, the existence of a Gy structure on a manifold
is purely a topological problem. From the point of view of differential geometry, a Go
structure on M can also be equivalently defined by a 3-form ¢ on M that satisfies a certain
pointwise algebraic non-degeneracy condition, which we will now describe via the notion
of vector cross product.

Definition 2.1.1. Let (M", g) be a Riemannian manifold. An r-fold vector cross product



(VCP, for short) is an alternating r-linear smooth bundle map
B:N'TM —TM (2.1.1)

satisfying the following conditions

g(B(vy, ..., v,.),v;) = 0, 1<i<r
[B(vis s v) 1P = [lor A= A2,

for any v; € TM.

Such a cross product gives rise to a (r 4 1)-differential form ¢ defined as

G(v1, 0, ooy Uri1) = g(B(1, 0y 0r), V).

The VCP is called parallel/closed if and only if the corresponding differential form is
parallel /closed.

Cross products on real vector spaces were classified by Brown and Gray in [BG67] and
global cross products on manifolds are discussed in Gray [Gra69|. The classification of
VCPs on a real vector space V' with a positive definite inner product g is as follows:

1. r = 1. Then a 1-fold VCP B on V is equivalent to an almost complex structure on
V,ie., B2 = —I on V. The associated VCP form is the Kéhler form w.

2. r = n — 1, where n is the dimension of V. An (n — 1)-fold VCP B on V is the
Hodge star operator x given by g on A"~V and the VCP form of degree n is the
volume form on V. Thus B is equivalent to an orientation.

3. r =2 A 2fold VCP B on R” is a cross product defined as B(u,v) = Im(u - v),
for u,v in R” = ImQ), the set of imaginary octonions where @ is an S8-dimensional
nonassociative real normed division algebra. Here - is the octonionic multiplication.
For coordinates {zi,...,z7} on ImQ, the VCP form of degree 3 can be written as
follows

§b0 — dI123 o d(L'167 . dl’527 o dl’563 o dCL’415 o d5(7426 _ dl’437, (212>

where dr¥* = da® A da? A dz®. Bryant [Bry87| showed that the group of linear
transformations of @ which preserves ¢, also preserves g and B and is the exceptional
Lie group Gs which is also the automorphism group of Q.
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4. r=3. A 3-fold VCP B on R® is a cross product defined as B(u,v,w) = 1 (u(vw) —
w(vu)) for any u,v,w in R® = Q. For coordinates 1, ..., rg on Q, the VCP form of
degree 4 can be written as

QO — —dx1234 o d$5678 . (dx21+dm34)(dx65 + dx78) o (d.ﬁ(}gl 4 d$42>(d$75 4 deG)
— (dz* 4 d2x®)(dx™® + dz®7).
Bryant |Bry87] showed that the group of linear transformations of @ preserving g
also preserves g and B and is the group Spin(7) C SO(8).

In particular, the cross product on a 7-dimensional vector space induced by the octo-
nionic multiplication has the following properties. For all u,v,w € (V, g)

g(u, B(v,w)) = g(B(u,v),w), (2.1.3)
B(u, B(u,v)) = —g(u,u)v + g(u, v)u, (2.1.4)
B(u, B(v,w)) + B(v, B(u,w)) = g(u,w)v + g(v, w)u — 2g(u, v)w. (2.1.5)

Let {ey, ..., er} be the standard basis of R” and {e',...,e"} be the dual basis. The VCP
form ¢ induced by the vector cross product on R” is described in (2.1.2). The group Gy
preserves ¢o and it also preserves the metric and orientation for which {es,...,e;} is an
oriented orthonormal basis. If x4, denotes the Hodge star determined by the metric and
the orientation, then Gy preserves the 4-form

Yo = *go = dz0T — dgi2 _ g H63 _ g2 _ 2057 _ gp157 _ g 1526 (2.1.6)
where dz* = dx* A dz? A dx® A dat.
Let M be a 7-manifold. For x € M, we denote by

A3(M), = {p, € A*T;M | 3 isomorphism p : T,M — R, p*¢g = ¢, }.

The fibre bundle A3 (M) = U,epA3 (M), is an open subbundle of A*T*M. A section ¢ of
A3 (M) is called a positive 3-form on M and the space of positive 3-forms on M is denoted
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by Q3 (M). Such a ¢ is also called a G, structure on M. Thus, a G structure on
M is a positive 3-form .

To see that A3 (M) is an open subbundle of A*T*M, observe that at any point z € M, the
space of all Gy structures A% (M), can be identified with the orbit of ¢y in A3(R")* by the
action of GL(7,R) quotiented by the stabilizer subgroup of ¢y which is the Lie group Go.
Thus, dim A3 (M), =49 — 14 = 35 = dim A*(T;M). Hence A3 (M), is an open subset of
A3(TyM). We emphasize that the fibre bundle A% (M) always exists for any 7-manifold but
it doesn’t always have a section. A section of A% (M) exists if and only if M is orientable
and spinnable which is equivalent to the vanishing of the first and second Stiefel-Whitney
classes respectively.

A Gy structure induces a unique Riemannian metric and orientation in a nonlinear way.
For a 3-form ¢, we define

Sp(u,v) = —é(tugo) A (vap) A p, (2.1.7)

for tangent vectors u,v on M, which is a A7(T*M)-valued bilinear form as 2-forms com-
mute. The 3-form ¢ is a positive 3-form if and only if S, is the tensor product of a positive
definite bilinear form and a nowhere vanishing 7-form which defines a unique metric g with
volume form vol, by

g(u,v) vol, = S,(u,v). (2.1.8)

The metric and orientation determine the Hodge star operator x, and we define ¢ = x,,
the Hodge dual of ¢.

Remark 2.1.2. Even though we used a vector cross product and a metric to define Go
structures on a manifold, one need only start with a positive 3-form and then obtain the
metric using (2.1.8).

Remark 2.1.3. The nonlinear map ¢ — ¢ is not one-to-one. In fact, given a metric g
on M induced from a Gs structure ¢, at each point p € M, the space of Gy structures at
p inducing g, is diffeomorphic to RP?. Thus the G, structures inducing the same metric
g correspond to sections of an RP’-bundle over M. See Chapter 6 for more details on
isometric Gq structures.

There are useful contraction identities involving the 3-form ¢ and the 4-form ) of a Go
structure, which we collect here. Their proofs can be found in [Kar09, Appendix A].
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Contractions of ¢ with ¢

PijkPabk = GiaGjb — GivGja — Vijab, (2.1.9)
PijkPajk = 0Yia, (2.1.10)
PijkPijr = 42. (2.1.11)
Contractions of ¢ with
GijkWabek = GiaPjve + GivPajc + GicPabi — GjaPibe — JjbPaic — JjcPabi, (2.1.12)
PijkWabjk = —4Piab, (2.1.13)
PijkPaije = 0. (2.1.14)
Contractions of 1 with ¢
VijkrVavkl = 4GiaGjo — 49ibGja — 2Vijab, (2.1.15)
VijriVajki = 24Gia, (2.1.16)
VijriWiju = 168. (2.1.17)

2.2 Decomposition of the space of forms

The existence of a Gy structure ¢ on M (with no condition on V) determines a decompo-
sition of the spaces of differential forms on M into irreducible Gy representations. This is
analogous to the decomposition of complex-valued differential forms on an almost complex
manifold into forms of type (p, q).

Since the Lie group Gy stabilizes ¢, all the tensors determined by ¢ will be invariant under
G, and hence any subspaces of ¥ defined using ¢, 1, g and * will be G, representations.
The space ¥ is irreducible if k = 0, 1,6, 7. However, for k = 2,3,4, 5 we have a nontrivial
decomposition.

The space of 2-forms Q?(M) and 3-forms Q*(M) decompose as

Q*(M) = Q2(M) & Q3 (M),
QM) = (M) & (M) & Q37 (M)

where QF has pointwise dimension . More precisely, we have the following description of
the space of forms:
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Q7(M) ={X_p | X e I(TM)} = {B € Q*(M) | x(0 A ) = —26},

Q2,(M) = {5 e (M) | BAv =0} = (B e () | s(gnp) =) 2D
and
QYM) ={fe| feC®(M)},
QB(M) ={X| X e(TM)},
QM) ={ye P (M)|[vAp=0=7Av}

in local coordinates {x!,...,27} on M. In (2.2.6), h is a symmetric 2-tensor. The decompo-
sitions of QY (M) = QI (M) QM) B Q3. (M) and Q3 (M) = Q3(M) & Q3,(M) are obtained
by taking the Hodge star of (2.2.1) and (2.2.2) respectively.

For doing explicit computations, it is convenient to write key quantities in local coor-
dinates. In local coordinates {x!,..., 27} on M, we write a k-form « as

1 . ,
a= Eaim.“ikdx“ A-dx',
where a;,;,...;, is totally skew-symmetric in its indices. In particular, ¢ and ) are locally
written as
1 , : 1 . ,
Y= Bgoijkdxz Adx? A dx® and Y= ﬂwijkldxz Adxd A da® A dat

To describe % locally, consider the Gs-invariant linear map P : Q2 — Q2 given by
Pp = x(p A B). If we write f = %@jdxi Adx) and PB = %(Pﬂ)abdx“ A dz®, then one can
show |[Kar09, §2.2| that

(PB)ab = %¢abcd5cd- (2.2.7)

If « is any 2-form then

(PB,a) = %(Pﬁ)abaab

1

=7 77Z)abcdﬁcdaab
4

= chdabaabﬁcd

= (Pa, ().
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Thus, P is a self-adjoint map and hence is orthogonally diagonalizable with real eigenvalues.
To find the eigenvalues, we compute

1
(P25)ab = iwabcd(Pﬁ)cd
1
= Z¢abcd¢cdij5ij
1
= Z(4giagjb — 4990 — 2¢abz’j)5ig‘

= 2ﬁab - (Pﬁ)aba

where we have used the contraction identity (2.1.15) in the third equality. So P? = 21 — P
and hence the eigenvalues of P are —2 and +1, as described in (2.2.3). Notice that if
B € Q% and we let ;; = X,,pmi; for some X € I'(T'M) then

1 1
(Pﬁ)ab = éd}abinmSOmij = §<_4Xm<pabm) = _25ab

thus verifying that Q2 is the —2 eigenspace of P. The condition that 2, = (Q2)* gives
that 8 € Q3, satisfies X,,mi;8; = 0 for all X. This is equivalent to S;j@mi; = 0. Thus,
we can describe the decomposition (2.2.3) of 22 in local coordinates as

1
Bij EQ? =  Bij = Xoomi; = §¢ijcdﬁcd=—25ij,

X (2.2.8)
Bi €0 <= Bipim=0 < §¢ijcd/3cd = Bij.
Moreover, using (2.1.10), for 8 € Q2
1
Bij = Xmpmij = X = BijPijm- (2.2.9)

Remark 2.2.1. Many authors prefer to use the opposite orientation than we do for the
orientation induced by ¢ (for example in [Bry06] and [Joy00]). This changes the sign of x
and the eigenvalues (—2,+1) in (2.2.3) and (2.2.8) are replaced by (42, —1).

To understand the local coordinate description of the decomposition (2.2.5) and (2.2.6)
of ® we consider the infinitesimal action of (1,1) tensors ['(T*M ® TM) on ¢. Let
A=Ay e (T*M @ TM). At each point p € M, we have e € GL(T,M) and so we get

1 A A
et p= a%jk(eAtdiﬂz) A (eMda?) A (e da”). (2.2.10)
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We define Ao o € Q3 by

Angzi

At
dt t:O(e 2

From (2.2.10) we have
1 , A
(Aop) = E(AilSpljk + Ajupik + Awij)dz’ A dz? A dz*
and hence
(Ao @)k = Aupie + Aok + Arpiji- (2.2.11)

If we write S = ['(S*(T*M)) for the space of smooth symmetric 2-tensors on M and Sy
to denote those sections h of S that are traceless with respect to the metric g on M then

(Trh)

SO PS, as for h € S we have h = —9 + hp and so we have the decomposition
NT*M@T*M) =03 S, & O,

where the splitting is pointwise orthogonal with respect to the metric on T*M ® T*M
induced by g. Using (2.2.1) we can further decompose this as

NT*M@T*M)=Q"® S, @ Q2 a0,

(Tr A) '
7 g+ Ao + A7 + Ay, where Ay is

a traceless symmetric tensor. Thus from (2.2.11), we have a linear map A — Ao ¢ from
VNPS,d2e N2, — Q3. We describe the decomposition (2.2.5) and (2.2.6) in the following

With respect to this splitting, we can write A =

Proposition 2.2.2. The kernel of A — Ao is Q2, and Q°, Sy and Q2 are mapped

Tr A

isomorphically onto Q3, Q3. and Q3 respectively. Explicitly, if A = ( r7 )g+AO+A7—|—A14
then

3

Aop= ?(TI'A>Q+A0<>Q0+XJ’(7D
S—— 03 03
Q? 27 7

where Xm = _%AUSOUW
Proof. See [Kar09, Section 2.2]. O

Remark 2.2.3. If h is a symmetric 2-tensor then h ¢ ¢ is a constant multiple of i,(h)
where i, is the map defined in [Bry06].

Remark 2.2.4. Since Gy preserves ¢ hence the kernel of A — A ¢ ¢ is isomorphic to go
and at every point p € M, A3 (T M) = g,.
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2.3 Torsion of a G, structure

Let (M, ¢) be a manifold with a Gy structure. Let V be the Levi-Civita connection of the
metric g induced by ¢. Consider the tensor Vo € T'(T*M @ A3T*M).

Definition 2.3.1. The Gs structure ¢ is torsion-free and M is a G, manifold if V¢ = 0.

We emphasize that V¢ = 0 is a nonlinear partial differential equation as V is induced
from g which itself is induced from ¢ in a nonlinear way. Thus, V¢ is interpreted as the
torsion of the Gy structure. The fundamental observation about the torsion is the following
lemma whose proof can be found in [Kar09, Lemma 2.24]

Lemma 2.3.2. For a vector field X on M, Vxp lies in the subspace Q23 of Q3. Thus
Vi € I(T"M @ AY(T*M)).

Lemma 2.3.2 motivates the following
Definition 2.3.3. As Vxp € Q3 from (2.2.5) we can write
Vxo=T(X)w

for some vector field T'(X) on M. That is, there exists a tensor T' € I'(T*M ® T*M) such
that

Vivjn = TipWpjn- (2.3.1)

T is called the full torsion tensor of .

Contracting (2.3.1) with 145 and using (2.1.16) we get

1
Tmn:_ mY¥abcWnabc- 2.3.2
24V PabcVnab ( )

Moreover, taking the covariant derivative of (2.1.9) and using (2.1.12) and (2.3.1) we get

Vi = —Tmi@ik + Tinjpirt — Tnkijt + TiPijn- (2.3.3)
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We see from (2.3.1) and (2.3.2) that Vo =0 <= T = 0 and hence ¢ is torsion-free
if and only if 7= 0. Since T € T(T*M @ T*M) =2 Q° & Sy & Q% @ 03, therefore we can
decompose T further as

T - T1 + T27 —+ T7 -+ T14, (234)

where T} = £(Tr T)g and Ty; = Ty is the traceless symmetric part of 7.

Note that dy and d*p are linear in Vi and hence from (2.3.1) are linear in 7. Since
dp e W' =010t ® Q) and d*p € 0% = Q2@ O3, by Schur’s Lemma, the independent
components of dy and d*¢ must be equal to the 1, 7, 14 and 27 components of T" as in
(2.3.4), up to some constant factors. So if dp = 0 and d*¢ = 0 then T = 0 and ¢ is
torsion-free. If T" = 0 then ¢ is parallel and since a parallel form is always closed and
co-closed, dp = 0 and d*¢ = 0. Thus we have proved the following theorem which was
originally proved by Ferndndez and Gray by a different method.

Theorem 2.3.4 (Fernandez—Gray [FG82|). Let ¢ be a Gy structure on M. Then ¢ is
torsion-free if and only if dp =0 and d*p = 0.

Remark 2.3.5. As d*¢ = — xd * ¢ = — xdi), Theorem 2.3.4 says that ¢ is torsion-free if
and only if dp = 0 and dip) = 0.

Remark 2.3.6. A differential form « on (M, g) is harmonic if Ayja = (dd* +d*d)a = 0. If
M is compact then integration by parts yields that a harmonic <= da = 0 and d*a = 0.
Thus Theorem 2.3.4 says that for compact M, a Gy structure ¢ is torsion-free if and only
if it is harmonic with respect to its induced metric.

Since the torsion T" of ¢ decomposes into four independent components as in (2.3.4),
each component can be zero or nonzero. This gives 2¢ = 16 distinct classes of Gy structures.
Some of the classes of Gy structures are given in the following table.

Ty | Toy | 17 | T4 | Gg structure Name

0( 0 ]0] O V=0 torsion-free

01 0] 0] % dp =0 closed G structure
* | x| 0] 0 d*p =10 co-closed Go structure
* | 0 | 0] 0 |dp=Xp, A\#£0| nearly Gy structure

Table 2.1
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2.4 Relation between curvature and torsion for a G
structure

Let (M, ¢) be a manifold with a G structure and g, be the induced metric on M. Let Rm
denote the Riemann curvature tensor of g,. There is an important relationship between
Rm and VT called the “Gy Bianchi identity” which was first proved by Karigiannis [Kar(09,
Theorem 4.2] using the diffeomorphism invariance of the torsion tensor 7. Another proof
using (2.3.2) and the Ricci identities was given by Lotay—Wei [LW17, Lemma 2.1]. We
review the latter proof here for completeness.

Theorem 2.4.1. On (M, ), if T is the torsion and Rm is the Riemann curvature tensor
with Rapeq denoting the (4,0) Riemann curvature tensor in local coordinates, then the G
Bianchi identity is the following

1
ViTjr = VT = TiaTjp0anr + §Rijab90abk- (2.4.1)

Proof. Contracting (2.3.2) with ¥y, using (2.1.16) and taking the covariant derivative,
we get

ViVivae = Viljibrape + Tt Vithrave
= V., Tj¥rabe + Tjr(—TirPabe + Tiarbe — TivPrac + TicPrab)

where we used (2.3.3). Interchanging the roles of ¢ and j and noting that 7}, T}, is symmetric
in ¢ and 7 we have

ViV@ae = ViVivawe = (ViTj — Vi Ti)Vrabe + Tjk(TiaPrve — Tivrac + TicPrab)
— T (Tiaprve — LipPrac + TicPrab)-
Using the Ricci identity (1.1.1) for the left hand side we get
_Rijamgpmbc - Rijbmgoamc - Rijcmgpabm = (Vzﬂk - vjﬂk)wkabc

+ Tk (Tiarve — TivPrac + TicPrab)
— T (Tjatrbe — TivPrac + TicPrab)

which on contracting with .. on both sides and observing that the left hand side and
each of the three terms on the right hand side are totally skew in i, j and k gives

_3Rijam90mbcwsabc = (va‘]k - ij—’ik)wkabcwsabc + 3Ea7}k@kbcwsabc - Bﬂkﬂa@kbcwsabc'
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Using (2.1.13) and (2.1.16) we get
12Rijam90ams - 24(VZTQS - vjiris) + 121—;a7—}k§0aks - 127—%]{27—}(1%00/]68’

which on reindexing gives (2.4.1). O

Contracting (2.4.1) with ¢,,;x on both sides and using (2.1.9) gives

1
(ViTji = ViTi)omir = TimTji — (tr T) T — Tia TipWiams + Rjm — §Rz‘jab¢abmi-

Using the fact that R;jeptapm: = 0 (see [Kar09, Lemma 4.9]) we get the following

Theorem 2.4.2. If ¢ is a Go structure on M with the associated metric g, then the Ricci
curvature Ry is given by

R, = (ViTjm — ViTin) @imie — TiiTik + (6 T) Tt + TiaTjpWkian- (2.4.2)
In particular, (2.4.2) shows that the metric of a torsion-free Gy structure is Ricci-flat.
Taking the trace of (2.4.2) we get the expression for the scalar curvature R.

Proposition 2.4.3. The scalar curvature R of a metric g, induced by a Go structure ¢ is

~. 6
R = —2div(T%) + ?(tr T)? + 5Ty |> — |Tha)* — |Tor|*. (2.4.3)

—

where (T7), = T;;piji is the vector field corresponding to Tr as described in (2.2.9).

Proof. We take the trace of (2.4.2) to get
R = (ViTjm = VTim)@im; — TijTji + (tr T)? + TiaTjpthiajn.
Decomposing 7" into its components as in (2.3.4) and using (2.2.8) we get

R = —Vi(Tjm@ijm) + TimVivijm — Vi(Tim@imj) + TimV j@jim

 (ED)gi+ (T + (Tl + Do) (S )gi+ (g4 (Tuads + (Tor)g) + (e T

+1; ((g)gjb + (T7) b + (T1a) o + (To7) jb)Viajp

= — div(T7) + Ty Tisthsijm — div(Tr) + T Tjstsjim —
+ (tr T)? + Tio(—4(T7)ia + 2(T14) i)

(tr T)?

+ |T7)? 4 |Twal* — [T
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where we have used (2.2.9), (2.3.1), the fact that the decomposition in (2.3.4) is point
wise orthogonal and the facts that T} and T5; are symmetric whereas 17 and 174 are skew-

symmetric. Decomposing the torsion terms again in the second, fourth and the last terms
above and using (2.2.1) we get

~ 6
R=-2 le<T7) + ?(tI'T)2 + 5|777|2 — |T14|2 — |T27|2

which completes the proof. O]
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Chapter 3

Preliminaries on geometric flows

Geometric flows are a powerful tool in the study of geometric structures on a manifold.
Loosely speaking, a geometric flow is a mechanism for “simplifying” a given geometric
structure to a “canonical” or “special” one. The flow will be different depending on the
context and some particular examples of flows are: Ricci flow of metrics where one starts
with an arbitrary Riemannian metric and the flow “deforms” that towards a metric which
is Ricci-flat; mean curvature flow of immersions, where the flow deforms a submanifold
towards a minimal submanifold; Yang-Mills flow where the flow deforms a connection on
a principal bundle over a manifold towards a connection with minimum L?-norm of the
curvature.

The existence of torsion-free G structures on a manifold is a challenging problem and given
the success of geometric flows in the study of other geometric structures, it is very natural
to attempt to do the same for Gy structures on manifolds. One hopes that a suitable flow
of Go structures might help in establishing the existence of torsion-free G structures.

In this chapter we discuss the basic idea and importance of a geometric flow along with
the tools and techniques in the study of flow, which will be needed later. The idea of a
geometric flow is simple: one starts with an arbitrary geometric structure on a manifold
(for example a Go structure) and then let it evolve in time by a certain rule (we will see
examples of such rules in later chapters). The hope is that the solution to the initial value
problem exists for all times and converges to a “special” structure (which for the case of G
structures can be torsion-free Gy structures, or Gy structures with divergence free torsion
which is the subject matter of Chapter 6). However, if the geometric structure is evolving
then any other quantity associated to it will also evolve in time and their properties along
the flow become very important in analyzing the long-term behavior of the solutions.
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Given a family ¢(t) of Gg structures, in §3.1 we derive the variation formulas of various
quantities associated to a Gq structure. They are used in Chapter 6 when we look at flows
of Gy structures. In §3.2 we review what parabolic partial differential equations are and
discuss DeTurck’s trick in the context of flows of Gy structures. Finally in §3.3 we discuss
maximum principles for scalar and tensor equations which are extremely useful in later
chapters. The main references for this chapter are the books by Chow—Knopf [CK04| and
Chow-Lu-Ni [CLN06| and the paper by Karigiannis [Kar09].

3.1 Variation formulas

In this section we derive variation formulas of quantities associated to a Gg structure.
Recall from §2.2 that using Gs-equivariant isomorphism, a 3-form on a manifold with a Go
structure is given by a symmetric 2-tensor h and a vector field X on M. Thus, given a
manifold M7, the general flow of Gy structures is given by

9 (1) = ht) o o(t) + X (1) (1) (3.1.1)

where h(t) is a l-parameter family of symmetric 2-tensors and X (t) is a l-parameter
family of vector fields on M and ¢ is the operation introduced in (2.2.11). In the following
subsections we derive the evolution of the quantities related to a Gy structure and hence
also the metric induced by the Gg structure. Most of what follows is from [Kar09] and
[CKO04, Chapter 3].

3.1.1 Evolution of the metric and associated quantities

We start by stating the evolution of the induced metric g(t) along (3.1.1).
Lemma 3.1.1. The evolution of the metric g;; under (3.1.1) is given by

0
Proof. The proof follows from finding the evolution of the tensor S, in (2.1.7) and the
relation (2.1.8). The precise details can be found in [Kar09, Theorem 3.1|. O
Lemma 3.1.2. The metric inverse g~ evolves by
9 i~ —2¢% g7 hyy. (3.1.3)
ot
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Proof. We have ‘ ‘
5 = 9" gu
where ¢ is the Kronecker delta. Differentiating above with respect to t, we get
0= (9™ )gm + " 01 (gm1)
= 0™ ) g1 + 9™ (2h1a)

and hence B o
A(g”) = —2¢"¢" huy.

]
Lemma 3.1.3. The variation of the Christoffel symbols Ffj s given by
8Fk _ Kl
ot =Y (Vihji 4+ Vihg — Vihgj). (3.1.4)

Proof. In local coordinates {x'}

1
rfj = 59’“’(&9]-1 + 9590 — 0igij)

where 0; = %. Hence

gpk
t

5 <§ > (0; ;g1 + 0;9a — algz’j)

(0 (ggon) + 4 (gr0) ~ (7))

In normal coordinates at a point p € M, we have Ffj (p) = 0 and hence 0;A;;, = VA, at
p for any tensor A and 0,g,,(p) = 0 for all 7, j, k. So using (3.1.2) we get

+ M|I—‘

0 1

STh0) = 5" (Vil2ha) + V5 (2ha) = Vil2hy) ).
Since both sides of the preceding equation are components of a tensor, the result holds in
any coordinates system and at any point, thus giving (3.1.4). H

We now derive the evolution of the curvature tensors along (3.1.1). If we denote the
(3,1) Riemann curvature tensor by Rl; in local coordinates then we define the (4,0)

Riemann curvature tensor by
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Lemma 3.1.4. The evolution of the (3,1) Riemann curvature tensor along (3.1.1) is given
by

)
57 ik = 97 (ViV iy + ViVihyy = ViVyhs =V, Vit = V;Vihyy + V,Vyha) - (3.16)

Proof. We recall that in local coordinates {2} we have the standard formula

Ry, = Ol — 004, + T5,T5, — THT,.

Thus

bria=a(35) -0 (511) - (313 1 ()
- <%ka> ) Fé’p B F]z?k ) (%Fép)
We again use normal coordinates at a point p € M to get
ot =v(51) - ()

The proof now follows from using (3.1.4) in the above equation. O

Using (3.1.5) we get the following corollary of Lemma 3.1.4

Corollary 3.1.5. Along (3.1.1), the (4,0) Riemann curvature tensor evolves as

0
—Rijrt = (ViVihig + ViVihj — ViV, — V;Vihg

ot
— Vjvkhil + Vjvlhzk) + 2Rz);khlm (317)

Remark 3.1.6. Using the Ricci identity (1.1.1) on the first and fourth term, (3.1.7) can
also be written as

0
aszkz = (V;Vihj — ViVihj, — V;Vihiy + V;Vihy)
Since the Ricci tensor is given by .
Ry = g" Riju
contracting (3.1.7) on ¢ and [ and noting that there is an extra term due to the variation

1

of g7 we get
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Lemma 3.1.7. The evolution of the Ricci tensor along (3.1.1) is given by

0
aRjk = Vzvjh,k + V,V}Ch” — Ah]k — Vjvk(tl” h) (319)
Similarly, we have the evolution of the scalar curvature R.

Lemma 3.1.8. The scalar curvature evolves by

%R = —QA(tI h) + VZV]h” - Qh]kR]k (3110)

We complete this subsection by computing the evolution of the volume form vol and the
total scalar curvature.

Lemma 3.1.9. The volume form vol evolves by

0
Evolf (tr h) vol. (3.1.11)

Proof. In oriented local coordinates {z}

vol = /detg dz* A -+ A da”.

Jacobi’s formula for a matrix A(¢) in variable ¢ states that

D(det A(H)) = det(A(£)) [ A1(¢) - BA() (3.1.12)
hence
d,(vol) = ﬁdet(g(t)) trlg™ () - Dug ()] dat A -+ A da
= (trh) vol.
L]

Corollary 3.1.10. The total scalar curvature fM Rvol on a compact M evolves by

%(/ Rvol) —/ (Rtrh—Q(h,Ric)) vol . (3.1.13)

25



Proof. Using (3.1.10) and (3.1.11) we get

)
@( /M Rvol> — /M (&R vol +Ra, vol)

= / (—2A(t1‘ h) + Vzvjh” - 2hijjk + Rtr h) vol
M

= / (—2A(tr h) + div(div k) — 2(h, Ric) + Rtr h) vol
M

Since M is compact, integral of the first two terms on the right hand side of the last
equality is zero by the divergence theorem. Thus we get (3.1.13). [

3.1.2 Evolution of the torsion tensor

In this subsection we will derive the evolution of the torsion tensor under (3.1.1). Recall
from (2.3.2) that the torsion tensor of a Go structure is given by

1
ﬂj = ﬂ (vigpabc)wjabc-

Thus to find the evolution of the torsion we need to find the evolution of the dual 4-form
Y = *p and V;p... We state the results here.

Lemma 3.1.11. The evolution of the 4-form ;i under (3.1.1) is given by

%¢i]’kl = himW¥mjrt + PjmWimit + MemWijmi + PimVijem
— Xi@jn + X0 — Xippiji + Xipijn- (3.1.14)
Proof. The idea is to differentiate the contraction identity (2.1.9). The detailed proof can
be found in [Kar09, Theorem 3.5|. O
Lemma 3.1.12. The evolution of V @y, under (3.1.1) is given by

0
—Vi0ijk = him(Viomjr) + Rjm(Vivime) + Pem(Vivigm) + X (Vitmiie)

ot
+ (vmhzl)somjk + (vmh]l)spzmk + (thkl)soijm
— (Vihlm)somjk — (V]hlm>§0zmk — (vkhlm)goijm
+ (ViXon) Ymijn- (3.1.15)
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Proof. This is proved in [Kar09, Lemma 3.7]. ]

We derive the evolution of the torsion tensor.
Theorem 3.1.13. Along (3.1.1), the torsion T,, evolves by

0
anq = Tyihig + T Xnpmig + (vkhip)‘zpk:iq + V, X, (3.1.16)

Proof. We know that

qu vpgpab(:)wqabc

:ﬂ(

and we know the evolution of all the quantities on the right hand side. Substituting the
expressions from (3.1.3), (3.1.14) and (3.1.15) and simplifying gives (3.1.16). O

3.2 Parabolic equations and short-time existence

In this section we first see the notion of principal symbol of a linear partial differential
operator and then use it to define parabolic PDEs. We then see DeTurck’s trick for a
general flow of Gy structures. We start by describing a parabolic PDE of second order and
the existence and uniqueness of solutions of such PDEs.

Let Q C R™ be an open, connected subset and consider a PDE for a function u : 2 — R

0
8—1‘ = a;;0:0;u + bidu + cu, (3.2.1)
where 0; = % and a;;, b, ¢: Q — R are smooth coefficients. We say that (3.2.1) is

parabolic if a;; is uniformly positive definite, i.e., if there exists A > 0 such that
a;;&& > A&,
for all £ € R™.

Suppose M is a closed manifold and consider the PDE for u : M — R given by

au_

5 = LW (3.2.2)
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where L : C*(M) — C*(M) is a linear differential operator of second order and can be
written as
L(u) = aijaﬁju + blﬁlu + cu

in local coordinates {x'}. Here a;;, b;, ¢ are locally defined smooth real coefficients. We
say that (3.2.2) is parabolic if a;; is positive definite for all + € M. The importance of
parabolic PDEs is that they have a good theory of existence and uniqueness of solutions.
More precisely, given a smooth function uy : M — R there exists a smooth solution
u: M x[0,00) = R to

— = L(u) on M x [0,00)
u(0) = ug on M.
Moreover, suppose that 2% = L(u) and 2* = L(v) on M x [0,00). If either u(0) = v(0)

or w(T) = v(T') then u(t) = v(t) for all ¢ € [0,T7], i.e., given an initial or final data, the
solution to (3.2.2) is unique (see [Eva9d8, Chapter 7]).

To check whether a differential operator L is parabolic or not, we compute its principal
symbol which captures algebraically those analytic properties of L which only depend on
its highest derivative. For L as in (3.2.2), define its principal symbol (L) : T*M — R by

Thus the PDE (3.2.2) is parabolic if o(L)(z,£) > 0 for all (z,£) € T*M with £ # 0.
Remark 3.2.1. Some authors use £ in place of ¢ in computing the principal symbol where

i=+—1

We now generalize the above to partial differential equations of sections of vector bundles
and nonlinear PDEs of any order. Let E and F' be vector bundles over M and I'(F) and
I'(F') be the spaces of smooth sections of E and F' respectively. For u € I'(E), consider
the equation

ou
i L(u) (3.2.4)

where L is a linear differential operator of order k£ (and not necessarily 2), i.e., it is a map

L:T(E) - I(F)
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given by
L(S) =) L.0"S
o <k

where S € I'(E) and L, € Hom(E, F) for every multi-index a. Let & € I'(T*M). The
principal symbol of L in the direction of ¢ is the bundle homomorphism

olL]: E— F
given by
o[L)(€)S = > & LaS. (3.2.5)
la|=k

We say that (3.2.4) is parabolic if ¢[L] is an isomorphism for all £ # 0. The basic property
of the principal symbol which is used frequently is the following. Let G be another vector
bundle over M and let

K :T'(F)—-TI(G)

be another differential operator of order [. Then the symbol of K o L in the direction £ is
the bundle homomorphism

o[K o L)(§) = o[K](§) o o[L](§) : E = G
of degree at most k£ + [ in &.

A nonlinear PDE is parabolic at a section w € I'(E) if its linearization is parabolic. If
ou
ot

is parabolic at w then there exist € > 0 and a smooth family u(t) € I'(E) for ¢t € [0, €],

such that

P(u)

9 pu) telo,d

Moreover, we have uniqueness as well, as described before.

We now discuss DeTurck’s trick for a general flow of Gy structures. Consider the flow of
Go structures

% _

X 2.
BT hop+ X (3.2.6)
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where h is a family of time-dependent symmetric 2-tensors and X is a time-dependent
vector field on M. For an explicit flow of Gy structures, h and X will be associated to .
For example, in [DGK]| we show that i could be the Ricci tensor of the metric induced by
the Go structure and X could be the divergence of the torsion tensor div 7. In such a case,
due to the diffeomorphism invariance of the quantities involved, i.e., h and X, the principal
symbol of (3.2.6) will have a non-trivial kernel and hence will not be parabolic. Thus the
standard theory of short-time existence and uniqueness of solutions cannot be applied to
(3.2.6). We can still prove the short-time existence and uniqueness of the solution by using
the DeTurck’s trick which was given by DeTurck [DeT83| for the Ricci flow of metrics
but we will adapt the same idea in the context of flow of Go structures. We consider the

modified flow

99 _
ot

where W is a time-dependent vector field.

hoyp+ Xnp+ Ly (3.2.7)

Consider the family of diffeomorphism &, : M — M by

D) — (@)1

(I)O - ldM
If (3.2.7) is parabolic then it has a unique solution ¢(¢) for short time. Consider

p(t) = 07 (o(1)).
Note from the definition of ®, that

% SZO(<I>;1 0 Brys) = (<I>;1)*<% So¢t+s) — (@)W ()
Then
%(cbi‘(so(t))) = 5 Szo((I),L@(t +5))
= o7 (% _(t)) + % s:o(q)rJrS@(t))

= @i(hop(t) + Xowlt) + Luvigolt) + 5| [0 B Bi(t)]

V() + P (Lwwye(t)) = Liory.wy (Pro(t))
U(t)).

= ho®i(p(t)) + X ®;

(
— ho ®; (p(t)) + X
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where we have used the definition of ®; to cancel the last two terms in the penultimate line.
Thus () = ®;(p(t)) is a solution of (3.2.6). The precise expression of W will depend on
the geometric flow under consideration.

In the above computation, we have also used the fact that in (3.1.1), A(t) and X (t) are
diffeomorphism invariant quantities related to a Go structure in the sense that for any
diffeomorphism F' of M we have

Fr(h(p)) = h(F"(¢))  and  F*(X(p)) = X(F"(¢)) (3.2.8)

For instance, in [DGK]| we examine different possibilities for h and X and they all satisfy
(3.2.8).

3.3 Maximum principles

One of the most powerful tools in the study of any geometric flow are the maximum
principles. In this section, we review some of the maximum principles which are used in
later chapters. We start with the maximum principles for scalar equations both with a
linear and a non-linear reaction term. We will then discuss the maximum principles for
tensor equations.

3.3.1 Weak maximum principles for scalar equations

The prototype for parabolic equations is the heat equation and it satisfies the maximum
principle. Let M be a manifold and g¢(t) be a 1-parameter family of metrics, X (¢) be a
1-parameter family of vector fields and g : M™ x [0,7) — R is a given function. We first
give the following

Definition 3.3.1. We say v : M x [0,7) — R is a supersolution to the linear heat

equation

0
a—: = Aypyv + (X, Vu) + fo (3.3.1)
at (z,t) € M x [0,7T) if

2 0,1) 2 (g, 9) + (X, V), 1) + (e, (e 1)
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We have the following proposition.

Proposition 3.3.2 (Scalar maximum principle with linear reaction term). Let
uw: M x[0,T) =R be aC? supersolution to (3.3.1) on a closed manifold. Suppose that for
each T € [0,T), there exists a constant C. < 0o such that f(x,t) < C. for all x € M and
t€[0,7]. If u(x,0) >0 for all x € M then u(xz,t) >0 for allx € M and t € [0,T).

We do not prove Proposition 3.3.2, whose proof can be found in [CK04, Chapter 4, Theorem
4.2]. Instead, we use it to give a proof of the maximum principle for scalar equations with
a nonlinear reaction term. Consider the semilinear heat equation

0
a—: = Agyv + (X, Vo) + F(v) (3.3.2)
where ¢(t) is a family of metrics on a closed manifold M, X (t) is a family of vector fields

and F': R — R is a locally Lipschitz function. We say that u is a supersolution of (3.3.2)
if

and a subsolution if

5% < Agwyu + (X, Vu) + F(u).

Theorem 3.3.3 (Scalar maximum principle: ODE gives pointwise bounds for
PDE). Let u : M x [0,T) — R be a C? supersolution to (3.3.2) on a closed manifold.
Suppose that there exists C' € R such that u(x,0) > C for all x € M and let o be the
solution to the associated ordinary differential equation

do
T _F
o =L
satisfying
a(0) = C.

Then
u(e, 1) > at),

forallz € M and t € [0,T) such that o(t) exists.
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Remark 3.3.4. We can state a similar theorem for subsolutions u of (3.3.2). If u(z,0) < C
for all x € M and «;(t) is a solution of the ODE

d
% = F(al)v
CYl(O) =C.

Then u(x,t) < a;(t) for all x € M and t € [0,T") such that () exists.

Proof. We follow the proof in [CK04, Theorem 4.4]. We observe that
0
a(u— a) > A(u—a)+ (X, V(u—a)) + Fu) — F(a).

Since a(0) = C hence at t = 0, we have u — a > 0 We want to prove that © — a > 0 for
all t € [0,T). Let 7 € (0,7T) be a given time. Since M is compact, there exists a constant
C; < oo such that |u(x,t)] < C; and |a(t)] < C; for all (z,t) € M x [0,7]. Since F' is
locally Lipschitz, there exists a constant L, < oo such that

|F(a) = F(b)] < Lr[a — |

for all a,b € [-C;, C;]. Hence we have

%(u —a)>Alu—a)+ (X, V(u—a)) — Lsgn(u — ) - (u — «)

on M x [0, 7], where sgn(-) € {—1,0, 1} denotes the signum function. We apply Proposition
3.3.2 with f = —L,sgn(u — a)) which is a linear function, to get that

u—a >0

on M x [0,7]. Since 7 € (0,T") was arbitrary, the theorem follows. O

3.3.2 Weak maximum principles for systems

One of the main advantages of the maximum principle is that it is extremely robust: it
applies to general classes of second-order parabolic equations. We apply it to the systems
of geometric flows of Gg structures in Chapter 6. We first state and prove the maximum
principle for symmetric 2-tensors which was originally proved in [Ham82|. Recall that a
symmetric 2-tensor A is said to be non-negative and write A > 0 if the quadratic form
induced by A is positive semidefinite.
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Theorem 3.3.5 (Tensor maximum principle: non-negativity is preserved). Sup-
pose ¢(t) is a family of Riemannian metrics on a closed Riemannian manifold M and let
A(t) € T(T*M ®g T*M) be a 1-parameter family of symmetric 2-tensors satisfying the
semilinear heat equation

)
574 = DA+ (3.3.3)

where B = B(A, g,t) is a symmetric 2-tensor which is locally Lipschitz in all its arguments
and satisfies the null eigenvector assumption that is

BV, V) (x,t) = (B;V'VI)(x,t) > 0,
whenever V (x,t) is a null eigenvector of A(t), that is
(A;;V7)(z,t) = 0.
If A(0) > 0 then A(t) > 0 for all t such that the solution exists.

Proof. Given any 7 € (0,7, we show that there exists § € (0, 7] such that for all ¢, €
0,7 —0],if A>0at tgthen A>0on M X [ty,to+ d]. Since [0, 7 — §] is compact and 7 is
arbitrary, the theorem would follow.

Let ty € [0, 7 — d] be fixed. For 0 < € < 1 consider the modified 2-tensor A, given by
A(z,t) = Az, t) + €[d + (t — to)] - g(x,t)

where § > 0 is to be chosen later. Note that the term edg makes A, strictly positive definite
at t =ty as g is positive definite. Also

0 0
aAe = EA + €d0ig + €g + €(t — to)Osg.

So for t € [tg, to + d] choose § > 0 sufficiently small, depending on

max
M x[0,7]

)
a7

so that

0 0
—A —A.
ot - ot
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Since AA. = AA and A satisfies (3.3.3) we get

0
&AE > AA+ [ +eg+eld+ (t—ty)|0g
which can be re-written as
0
&AE > AA + B(Ac, g,t) + [B(A, g,t) — B(Ac, g, t)] + €9+ €0 + (t — t9)]0rg.  (3.3.4)
We first choose dp > 0 depending on ¢(t), ¢t € [0, 7], to be small enough such that
1
Og > ——
t9 = 15,

which implies that on M X [to, to + do] we have
1
€g + €[dp + (t — to)]0rg > 3¢9 (3.3.5)

as €[0g + (t — t9)]|0rg > €dpOrg > —}Leg. Since [ is locally Lipschitz, there exists a constant
K depending on the bounds for A and g on M X [0, 7] (and not on €) which is large enough
so that on M X [tg, to + do]

B(A, g, t) — B(Ac, g, t) > —Keldy + (t — to)]g > —2Kedog.

Choose § € (0, dp) small enough so that

0 < %
and so that on M X [tg,ty + 6] we have
B(A, g,t) — B(Ac, g, t) > —%eg. (3.3.6)
Thus combining (3.3.4), (3.3.5) and (3.3.6) we get
%Ae > AA+ B(Ae, g, 1). (3.3.7)

We claim that A, > 0 on M X [tg, %o + d]. Suppose the claim is false. Then there exists a
point (z1,t1) € M X (to,to + ¢] and a non-zero vector v € T,, M such that A, > 0 for all
times tg <t < t; but

(Ao)ijv! (z1,t1) = 0.
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We extend v to a vector field V' defined in a space-time neighborhood of the (x1,¢;) such
that V(x1,t1) = v and

ov
E(-Tlatl) = Oa (338)
VV(ZL'l,tl) = O, (339)

This can be done by parallel translating v with respect to g(¢;) along geodesic rays em-
anating from x; and then taking V' to be independent of time. This construction gives
(3.3.8) and (3.3.9). To see (3.3.10), choose any frame {e; € T,,, M}, which is orthonormal
with respect to ¢(t1) and parallel translate it in a space-time neighborhood along geodesic
rays emanating from ;. In this frame, we have

AV (z1,01) = Y (Ve (Ve,V) = Vy, o, V](@1, 1)

=1
n

= [Ve,0=V5V](z1,t1) =0

i=1
thus giving (3.3.10). So we have
(Ae)ijVj (ZEl, tl) = 0
Then (3.3.6) and the null eigenvector assumption imply that at (z1,t1), we have
0 o 0 o
> = Aei' ’ j>:<_Ae> ‘v
O_(‘%(( JiV'V ot ijvv
> [(AAYy + B4 9,0)| ViV

= A((AE)ZJVZVJ> -+ Bij(Ae,g,t)ViVj Z 0

which is a contradiction. Here the first inequality is due to the fact that for a fixed
point in M, A, is decreasing in time, the equality in the last line is due to (3.3.10) and
the final inequality is due to the fact that since A. = 0 for a vector in T,, M, hence
A((A,);;V'V7) = 0 and S satisfies the null eigenvector condition.

This contradiction proves the claim. Since § > 0 depends only on

max
M x[0,7]

0
a7

and K and is independent of €, we let € \, 0, thus proving the theorem. O
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Chapter 4

Special hypersurfaces in nearly Go
manifolds

4.1 Introduction

Recall from Table 2.1 that a Go structure on a manifold M is a nearly Go structure if

do =\

for some non-zero constant . In this case, (M, ) is a nearly Gy manifold. In fact,
A= %tr T. To see that A is indeed a constant when M is connected (if M is not connected
then we look at any of its connected component), differentiate the above equation and note
that dy = 0 to get

0=d\A.

Since wedge product with ¢ is an isomorphism between Q'(M) and Q3(M), we get dA = 0
and hence A is a constant. Nearly G manifolds were studied in detail in [FKMS97].
The authors in [FKMS97] call such structures nearly parallel Gy structures but we simply
call them nearly Go structures. Since for nearly Gy manifolds, 77 is the only non-zero
component of the torsion tensor, from (2.4.2) and the fact that A = %trT is a constant we
see that for a nearly Gy manifold

6 6
Rij (trT)?g;, = ?‘T1‘2gjk (4.1.1)

T 49
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and hence nearly Gy manifolds are always positive Finstein. The scalar curvature is given
by

R =6|Ty|. (4.1.2)

We remark that S7 with the round metric and also the squashed S7 are examples of
manifolds with nearly Gs structure (see [FKMS97| for more on nearly Gs structures.) In
particular, S7 with radius 1 has scalar curvature 42, so comparing with (4.1.2) we get that
|T1|* = 7. In this chapter we will study hypersurfaces of a manifold with a nearly G,
structure. This chapter is based on [Dwil9].

Let (M7,§) be a Riemannian manifold with a vector cross product B. Then as we saw
in §2.1, they induce a Gy structure ¢ on M. Let M® be a hypersurface of M with the
induced metric g from § and denote by N the unit normal vector field of M in M. If we
define £ : TM — TM by £(X) = B(N, X), where X € I'(T'M) and B is the vector cross
product, then £ is a metric compatible almost complex structure on M (cf. Proposition
4.3.1). More generally, if (L, g, J) is an almost Hermitian manifold with an almost complex
structure J, then we have the following

Definition 4.1.1. Let (L, g, J) be an almost Hermitian manifold with an almost complex
structure J. Then L is called a nearly Kdhler manifold if V.J is a skew-symmetric tensor,
ie.,

(VxJ)X =0, forall X eI(TL). (4.1.3)

So a natural question is to find conditions on the oriented hypersurface M such that with
respect to the almost complex structure £, (M, g, &) is a nearly Kéahler manifold. Our first
result is a characterization of nearly Kéahler hypersurfaces of manifolds with a nearly Gs
structure. In §4.3, we prove the following (cf. Theorem 4.3.8)

Theorem 4.1.2. Let M be an oriented hypersurface of a nearly Go manifold (M, ).
Then (M, g,&) is a nearly Kdhler structure if and only if M is totally umbilic, i.e., for all
X e(TM)

AX = aX, (4.1.4)

where A is the shape operator of M in M and o € C*°(M).

We note that Theorem 4.1.2 was already proved in [Gra69, Theorem 4.8|. However, for
our proof of Theorem 4.1.2, we define new quantities related to a manifold with a nearly
Gy structure which have analogs in the study of manifolds with a nearly Kéhler structure
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and which we hope will be of further use in the study of submanifolds of manifolds with a
nearly Gy structure.

In a different but related direction, suppose M™ is a closed minimal hypersurface of con-
stant scalar curvature in the unit sphere S"*! and let A be its shape operator. A famous
rigidity theorem due to the combined works of Simons [Sim68|, Lawson|Law69] and Chern—
doCarmo-Kobayashi |[CACK70| states that if |[A]*> < n then |A]*> = 0 or |A|*> = n, where
|A|? is the squared length of the shape operator. If |[A]? = 0, then M is isometric to the
totally geodesic equatorial sphere S™ in S™*! and if |A|*> = n, then M is isometric to the

Clifford torus S* (\/%> x Sn—k (1 / ”T_k) Following on his study of subsequent gaps for the

scalar curvature of such hypersurfaces M, Chern asked the following question (cf. [Yau82,
pg.693])

Question 4.1.3. [Chern] Consider the set of all compact minimal hypersurfaces in S™*
with constant scalar curvature. Think of the scalar curvature as a function on this set. Is
the image of the scalar curvature function a discrete set of positive numbers ¢

Since for any minimal hypersurface M™ with scalar curvature R in S"*', R = n(n—1)—|A|?
(cf. (4.2.7) in §4.2), the above question asks whether the set of |A|? for such hypersurfaces
M 1is a discrete set.

The first two values of |A|? are known to be 0 and n. For the third value of |A[*, Peng
and Terng [PT83| proved that if |A|? > n, then there exists a positive constant d(n) such
that |A]*> > n+ d(n). Also, for n = 3 they proved that |A|?> > 6 and they conjectured that
the third value of |A|? should be equal to 2n. Yang and Cheng in [YC94] improved the
constant §(n) by proving that d(n) > 2n — % and in [YC98| they further improved this
result by proving that if |A|*> > n then |A|* > $(4n + 1). In [Des10|, Deshmukh used the
nearly Kéhler structure on S° to prove the following theorem

Theorem 4.1.4. [Deshmukh, [Des10]] Let M be a compact minimal hypersurface of
constant scalar curvature in the unit sphere S®. If the shape operator A of M satisfies

|A|> > 5, then there exists an eigenvalue X > 10 of the Laplace operator on M satisfying
|A|> =\ —5.

The round unit sphere S” has a nearly G, structure, so a natural question is whether we
can say anything about the third value of |A|? for compact minimal hypersurfaces with
constant scalar curvature in S7 by using the nearly Gy structure on it. Our next result is
an analog of Theorem 4.1.4 for minimal hypersurfaces with constant scalar curvature in
S7. More precisely we prove the following
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Theorem 4.1.5. Let M be a compact minimal hypersurface of constant scalar curvature
in the unit sphere S7. If the shape operator A of M satisfies |A|* > 6, then there exists an
eigenvalue X\ > 12 of the Laplace operator on M such that |A]> = X — 6.

This puts a restriction on possible examples of compact minimal hypersurfaces of constant
scalar curvature in S” which have |A|? > 6 as they must have an eigenvalue A > 12 of the
Laplacian operator such that |A]* = X\ — 6.

In §4.2 we discuss some notions from the geometry of submanifolds. In §4.3 we start
by defining several quantities associated to a hypersurface of a nearly Gs manifold and
then prove various relations among them. Using that we prove Theorem 4.1.2. We note
that several of the results in §4.3 are already known. However, we prove them using our
notations to make the chapter self contained and give references to the original results
accordingly. Finally in §4.4, we prove Theorem 4.1.5.

4.2 Geometry of submanifolds

In this section, we briefly recall the geometry of submanifolds. More details can be found,
for example in [Lee97]. Let (M,g) be Riemannian manifold and (M, g) be an immersed
orientable submanifold of M with induced metric. Then for X,Y € I'(T'M), we have

VxY =VxY +11(X,Y), (4.2.1)

where V is the covariant derivative on M, V is the covariant derivative on M and I :
TM x TM — NM is the second fundamental form of M. Here NM is the normal bundle
of M in M.

If M is an oriented hypersurface of M and we denote by N the unit normal vector field of
M in M corresponding to this orientation, then the second fundamental form is a multiple
of N and is given by the shape operator, which we denote by A. Here A : TM — T M is
a self-adjoint linear map and (4.2.1) becomes

VxY = VxY + g(AX,Y)N. (4.2.2)

We also have the Weingarten equation

VxN =—-AX. (4.2.3)
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If Rm denotes the Riemann curvature tensor on (M,g) and Rm denotes the Riemann
curvature tensor on (M, g), then the Gauss equation for M is

Rm(X,Y,Z,W) = Rm(X,Y, Z,W) — g(AX,W)g(AY, Z) + g(AX, Z)g(AY,W). (4.2.4)

Now suppose_W is the unit sphere S” with the round metric. Then Rm as a (3, 1)—tensor
is given by Rm(X,Y)Z =g(Y, Z2)X —g(X, Z)Y . In this case (4.2.4) becomes

Rm(X,Y)Z = (Y, 2)X — §(X, 2)Y + g(AY, Z)AX — g(AX, Z)AY. (4.2.5)

If M is also a minimal hypersurface of ST (i.e., the mean curvature vector H = (0 ) then
by taking the trace of (4.2.5), the Ricci and the scalar curvature of M are
Ric(X,Y) =59(X,Y) — g(AX, AY),
R=30— A

where |A|? is the square of the length of the shape operator of M. We also have the Codazzi
equation, which in this case is

Vx(AY) — Vy(4X) = A([X,Y)). (4.2.8)

Finally, we define totally umbilic hypersurface.

Definition 4.2.1. A hypersurface M of a Riemannian manifold M is called totally umbilic
at © € M if the shape operator A of M is a multiple of the identity map of T, M. Moreover
M is called totally umbilic if it is totally umbilic at each of its points.

Remark 4.2.2. Throughout the chapter, all quantities associated to the ambient manifold
M will have a bar on them, for example the metric on M is § whereas those of the
hypersurface are written without any bar.

4.3 Proof of Theorem 4.1.2

We start this section by defining various quantities for hypersurfaces (not necessarily min-
imal) of a manifold with a nearly Gy structure which have analogs for hypersurfaces of a
manifold with a nearly Kéhler structure. Being motivated from the notion of a character-
istic vector field on a manifold with an almost complex structure, we define a (1,1) tensor
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€ on M®, induced from the octonionic multiplication on a manifold with a Gy structure
(H7, ©), as follows

§(X) = BN, X), (4.3.)
where X € I'(TM) and B(.,.) is the cross product and N is the unit normal to M in M.
We have the following

Proposition 4.3.1. The tensor & is a metric compatible almost complex structure on
(M°®, g).

Proof. For X € I'(T'M), we have
&(X) =&(B(N, X)) = B(N, B(N, X))
= —|N2X +G(N, X)N = —X

where the equality in the second line is from the identity (2.1.4) for the cross product.
Hence £?(X) = —X. Also,

9(&(X),&(Y)) = g(B(N, X), B(N,Y))
= 9(B(B(N,X),N),Y)
= —9(B(N,B(N, X)),Y) = g(X,Y)
where we have used (2.1.3) in going from the first to the second line, the anti-commutativity

of B in the first equality and (2.1.4) and the fact that N is a unit vector in the second
equality of the third line. O

Remark 4.3.2. The previous proposition is a special case of Theorem 2.6 in [Gra69)|.

Again, from the motivation from nearly Kéhler geometry, we define a (3,1) tensor field G
as follows

G(X,Y,Z) = (VxB)(Y,Z) (4.3.2)
for X,Y,Z € T(TM).

Now we prove some results about G and relationships between G and B for manifolds with
a nearly Gy structure. The next proposition is a special case of Lemma 3.7 in [Sem03|.

Proposition 4.3.3. Let 1) = xp denotes the 4-form on (M, @) with a nearly Gy structure.
Then for any vector fields X,Y, Z, W

GG, Y, 2),W) = Lp(X,Y, 2,77) (43.3)

where T 1s the torsion tensor.
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Proof. 1f ¢ is a Gy structure then
p(X.Y,Z) =9(B(X,Y), Z) (4.3.4)
Then from (4.3.4) we have

VX(B(Y, 7)) — B(VXY, 7Z) — B(Y,VXZ), W)
=Vx(eY,ZW)) = o(VxY,ZW) = o(Y,VxZ,W)

= (Vxp)(Y, Z, W)
T
= (X Y. ZW)
where we have used g(Vx(B(Y, Z)),W) = Vx(@G(B(Y, Z),W)) —g(B(Y,Z),Vx(W)) in
going from the second to the third equality, Vo = Timt¥m i and the fact that for a
nearly Gq structure, 7T;; = ggij in the last equality. O

Remark 4.3.4. From (4.3.3), we see that G is skew-symmetric in all of its entries.

Proposition 4.3.5. For any vector fields X,Y, Z, W, we have

G(BW,2), X,Y) = g[ﬁ()ﬂ Z)BW.Y) +g(Y, 2)B(X, W) —g(W, X)B(Z,Y)
—~G(W,Y)B(X, Z) + o(X,Y,W)Z — o(X,Y, Z)W]. (4.3.5)

Proof. We know from Proposition 4.3.3 that

SO

G(B(X,Y),Z,W) = gw(B(X, Y), Z,W,)¥#.

In local coordinates {x1, s, ..., x7}, we have g(B(0k, 0,), 0n) = ©kin- SO

tr’T’
G(B(04,0), 0:,0;) = =—(B(0k. 0),0,.0;,)*

trT
= Tw(sﬁkl.#yai,aja )#

trT’
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Using the identity in (2.1.12)
VijmnPrin = JeiPijm + GrjPitm + TemPijt — G1iPhjm — G1jPikm — GimPijk
we get the proposition. O

Proposition 4.3.6. For any vector fields X,Y, Z, W, we have
B(G(X,Y,Z),W)=—-G(B(X,Y), Z,W). (4.3.7)

Proof. In local coordinates {z1,...,x7}, we have G(0, 0}, 0,) = gw,ﬁm and B(0, 0)) =

(,OZ., SO

tr’l trT
B<G(aka 8[, am)v 8n) = T¢<¢Z§m7 any '># - T(Pﬁpgpsiﬁklms.

The proposition now follows from the last line of (4.3.6). O

We require the expression for V¢ later, so we have the following proposition which is a
special case of Proposition 4.7 of [Gra69] for the 2-fold VCP.

Proposition 4.3.7. Let M be an oriented hypersurface of (M, @) and & be as defined in
(4.3.1). Then for any vector field X € T'(T'M), we have

(VxE(Y)=G(X,N,Y) — o(N,Y,AX)N — B(AX,Y). (4.3.8)
Proof. We calculate

(Vx§(Y) = Vx(§(Y)) = E(VxY)
= Vx(B(N,Y)) = g(AX, B(N,Y))N — {(VxY)
= (VxB)(N,Y)+ B(VxN,Y)+ B(N,VxY) — g(AX, B(N,Y))N
—&(VxY)
= G(X,N,Y) - B(AX,Y) + B(N,VxY) + g(AX,Y)B(N, N)
—g(AX,B(N,Y))N — &(VxY)
=G(X,N,Y) — p(N,Y,AX)N — B(AX,Y) (4.3.9)

where we have used (4.2.2) in the second equality, (4.2.3) and (4.3.2) in the fourth equality
and the fact that B(/V, N) = 0 in the last equality. O
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Now we prove Theorem 4.1.2 mentioned in §4.1, namely, we give a necessary and sufficient
condition for an oriented hypersurface of a nearly Gy manifold to be nearly Kahler. We
restate the theorem.

Theorem 4.3.8. Let M be an oriented hypersurface of a nearly Go manifold (M, ).
Then (M, g,€) is a nearly Kihler structure if and only if M is totally umbilic, i.e., for all
X el(TM)

AX = aX, (4.3.10)

where A is the shape operator of M in M and o € C*°(M).

Proof. We know from (4.1.3) that if J is a metric compatible almost complex structure on
M then (M, J, g) is nearly Kéhler if and only if for all X € I'(T'M), we have (VxJ)X = 0.
From Proposition 4.3.1, we know that £ is a metric compatible almost complex structure
on M. Denote by B(X,Y)T, the tangential component of B(X,Y). Using (4.3.8) from
Proposition 4.3.7, for X € I'(T'M)

(Vx)(X) =0

G(X,N,X) — (N, X, AX)N — B(AX,X) =0 <=

(N, X, AX)N + B(AX, X)" + g(B(AX,X),N)N =0 <

B(AX, X)" + o(AX, X, N)N + p(N, X, AX)N =0 <=
B(AX, X)T' =0 (4.3.11)

where we used the fact that G is skew-symmetric in all of its entries in going from the
second line to the third.

If X = 0 then from (4.3.11), the theorem is true. So we assume that X # 0. Now if
AX = aX then

B(AX, X)T = B(aX, X)"
= 0. (4.3.12)

Thus (4.3.11) and (4.3.12) proves one direction of the theorem.

Now suppose B(AX, X)T = 0. Since AX is tangent to M so we write AX = aX +Y where
« is a function which might depend on X and ¢g(X,Y) = 0. So B(Y, X)? = 0. Suppose

B(Y,X) = fN

for some function f.
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Then from (2.1.4) we have
B(B(Y7X)7X) = _|X|2Y’
Also, B(B(Y, X),X) = fB(N, X) = f¢(X), so we get

f
Y =— X
and hence
AX = aX + (X)), (4.3.13)
where § = — |)?’|2 Now we prove that § = 0. Indeed, for any Z € I'(T'M),

g(AX7 Z) = g<OéX +B£(X)7Z>
=ag(X,Z) - B9(X,&(2))

and similarly g(X, AZ) = ag(X, Z) + Bg(X,£(Z)). But since A is self-adjoint we get that
289(X,&(Z)) = 0. So choosing Z such that B(X,Z) = N, we get that 5 = 0. This proves
the other direction. O

Remark 4.3.9. Note that the proof of Theorem 4.3.8 remains unchanged if G = 0. So the
above theorem also holds for hypersurfaces of Gy, manifolds, i.e., manifolds with torsion
free G9 structures.

Remark 4.3.10. Theorem 4.3.8 was proved in |Gra69, Theorem 4.8] where Gray proved
that 8 = 0 by using the fact that any nearly Kéhler structure J is quasi-Kdhler, i.e., for
all X,)Y e I'(TM), (VxJ)(Y)+ (VyxJ)(JY) = 0. We gave a direct proof that g = 0.

Remark 4.3.11. Koiso proved in [Koi81, Theorem B| that if (M, g) is a totally umbilic
Einstein hypersurface in a complete Einstein manifold (M,g) and g has positive Ricci
curvature then both g and g have constant sectional curvature. This restricts the possibility
for new examples of hypersurfaces which are totally umbilic. It would be interesting to
find examples of hypersurfaces in a manifold with a nearly G, structure which are nearly
Kahler with respect to £ but are not totally umbilic.

We need the following lemma in §4.4 which is a special case of Theorem 4.10 in |Gra69].

Lemma 4.3.12. Let M be an oriented hypersurface of a nearly Go manifold (M, ) and
let & be as in (4.3.1). Then divE = 0.
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Proof. Since A is a self-adjoint operator, we choose an orthonormal frame {ey, ..., e} at a
point p € M which diagonalizes A, i.e., Ae; = a;e;, V i. Then for v € T,M we compute
using Proposition 4.3.7

(div§),(v) = Zg((veif)(v%ei)
= Zg(G(ei, N,v) — ¢o(N,v, Ae;)N — B(Ae;,v), e;)
= — Zg(B(Ae,», v),e) = — Z o(Ae;,v,e) = — Z olae;, v, e;)

—0 (4.3.14)

where we used (4.3.8) in the second equality, Remark 4.3.4 in the third equality and the
fact that ¢ is a 3-from in the last equality. m

4.4 Proof of Theorem 4.1.5

In this section we prove Theorem 4.1.5, stated in §4.1. Let (L, g) be a Riemannian manifold.
A vector field X on L is said to be a conformal vector field if

for some f € C°(L), which is called the potential of X. Here Lxg denotes the Lie
derivative of g with respect to X. If f = 0, then X is a Killing vector field. There are
many non-Killing conformal vector fields on the unit sphere S™ with the round metric g.
In particular, if Y is a non-zero constant vector field on R"*!, N is the unit normal of
S™ in R"* and Y = X + fN, where X is the tangential component of Y, then using
(4.2.2) and (4.2.3) and the fact that for S™ as a hypersurface in R"*', A = —I, we see that
Vf=Xand VywX = —fW, and hence Lxg = —2f7, so X is a conformal vector field
with potential —f. In fact, all non-Killing conformal vector fields on the unit S™ arise in
this manner. (see [MO])

Let M be an oriented compact minimal hypersurface of S” satisfying the hypotheses of
Theorem 4.1.5, i.e., M is of constant scalar curvature and the shape operator A of M
satisfies |A|? > 6. Let V,V be two non-Killing conformal vector fields on S7 with potential
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functions f, f respectively, arising from two linearly independent constant vector fields on
RS. Let W, W be the tangential components on M of V' and V respectively. Then we have
V=W +sNand V =W + 3N, where 5,5: M — R.

Using (4.2.2) and (4.2.3), for X € I'(T'M) we get
wa = VXV - vx<SN)

= —fX +sAX, (4.4.2)
V=W, (4.4.3)
Vs =—AW. (4.4.4)
Similarly, we get
VW = —fX +35AX, Vf=W and Vi=—AW. (4.4.5)

Now we define the function h : M — R as

h=g(EW,W). (4.4.6)

We are interested in finding A,sh. Note that only in this section Ay will denote the rough
Laplacian on M which is a negative operator and hence the spectrum of A, is positive.
We compute

Vxh = Vxg(6W, W)
= g(VxEW, W) + g(£(VxW), W) + g(EW, VX W)
= g(G(X, N, W) — (N, W, AX)N — B(AX,W)T, W)
+ g(E(—=fX +sAX), W) + g(EW, —fX + 5AX)
(N, W, W), X) = g(BW,W)", AX) + g(fEW, X)

—9(G
— g(sEW, AX) — g(fEW, X) + g(56W, AX),
(4.4.7)
so we get
Vh=—G(N,W,W) = AB(W,W)T 4 fEW — sAEW — fEW + SAEW. (4.4.8)

We use (4.4.2), (4.4.3), (4.4.4) and (4.4.5) to calculate the divergence of each term in
(4.4.8). For that, we choose a local orthonormal frame {ey,...,es} at p € M such that
Ae; = a,e;, for each 1.
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div(fEW) = g(Vf,EW) + f Z[Q((Vié)W, e;) + g(E(Vil), e;)]
= g(W,eW) + Zg(&(—fei +354e;), €;)

= g(W7 €W) + Z[_fg(feiv ei) + gaig<5ei> 61)}

i=1

= —h (4.4.9)

where we have used Lemma 4.3.12 in the second equality and the definition of £ to eliminate
the terms inside the summation in the third equality.

Similarly
div(fEW) = h. (4.4.10)

We continue to calculate

div(sAéW) = g(Vs, AﬁW) + s Z g(vi(AfW)7 e;)

=1

6
= —g(AW, AEW) + 5 > _[Vig(AEW e;) — g(AEW, Ve;)]

i=1

6
= —g(AW, AEW) + 5 > [9(ViEW, Ae;) + g(EW, V,, Ae,)
=1

—g(EW, AV,.e))]

= _g(AW7 AgW) + s Z[g<<vez£>wa Ae’L) + g(é(vezw)v Aez)]

i=1

= —g(AW, AEW) (4.4.11)

where in the third equality we have used that ), (VA)(e;,€;) = > ,(Ve,Ae; — AV e;) =0
which follows from the Codazzi identity (4.2.8) and the fact that M is minimal, (4.3.8),
(4.4.5) and Ae; = a;e; to eliminate the terms inside the summation in the second last
equality.
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Similarly

div(SAEW) = —g(AW, AEW). (4.4.12)

For calculating div(AB(W, W)T), we repeatedly use (4.2.2) and (4.2.3) to first compute

(VzB)(X,Y) = Vz(B(X, )) B(VzX,Y)~ B(X,VY)

Vz(B(X +9(B(X,Y),N)N) — B(V;X.,Y)
—g(AZ, ) (N,Y) = B(X,VzY) — g(AZ,Y)B(X,N)
( )

=V, (BX,Y)") + g(AZ, B(X,Y)")N + §(V2(B(X,Y)), N)N
g(B(X Y) AZ)N g(B(X, Y), )AZ—B(VZX,Y)
—g(AZ, X)B(N,Y) — B(X,VzY) - g(AZ,Y)B(X, N),
(4.4.13)

where we have written B(X,Y’) as a sum of its tangential and normal components in the
first term in second equality and then used (4.2.2) in the third equality. So we get

(VzB)(X,Y) = Vz(B(X,Y)") +5((VzB)(X,Y),N)N + g(B(VzX,Y),N)N
+9(AZ, X)g(B(N,Y),N)N +g(B(X,VzY),N)N
+9(AZ,Y)g(B(X,N),N)N —g(B(X,Y),N)AZ — B(VzX,Y)
—g(AZ, X)B(N,Y) — B(X,VzY)—g(AZ,Y)B(X,N)

= Vz(B(X,Y)") +9((VzB)(X,Y),N)N +G(B(VzX,Y),N)N

+9(B(X,VzY),N)N —g(B(X,Y),N)AZ — B(VzX,Y)
~ B(X,V,Y) - g(AZ, X)B(N,Y) — (AZ,Y)B(X,N),  (4.4.14)

where we have used g(B(N,V),N) = ¢(N,V,N) = 0, for all V' in going from fourth to
fifth equality. Now using (4.3.2), we see that (4.4.14) is

Vz(B(X,Y)") =G(Z X, Y)" —g(B(VzX,Y),N)N —

9(B(X,V2Y),N)N
+G(B(X,Y),N)AZ + B(VX,Y) + B(X,VY)
+g(AZ, X)B(N,Y) + g(AZ,Y)B(X, N). (4.4.15)
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Using (4.4.15) we calculate

div(AB(W, W) =Y “[g((V:A)(BW,W)"), &) + g(Ve,(BW, W)T), Ae;)]

I
.
Mo: i
I

>~ 9((Gles W) =BV W, W), N)N

—G(B(W,V W), N)N +G(B(W,W),N)Ae; + B(V., W, W)
+ B(W, VW) + g(Ae;, W)B(N, W) + g(Ae;, W)B(W, N)), Ae;)

[G(B(N,W),W)g(Ae;, Ae;) + g(B(—fe; + sAe;, W), Ae;)

Il
-
i M -
I

+g9(B(W, —fei+ §Ae;), Ae;) + glei, AW)g(B(N, W), Ae;)
+ g(es, AW)Q(B(W, N), Ae;)]
= |A|Ph + g(AW, AEW) — g(AW, AEW) (4.4.16)

where we have used Remark 4.3.4 to eliminate the first term inside the summation in the
second equality, Proposition 4.3.3 in the third equality and the facts that g(B(a,b),c) =
¢(a,b,c) and Ae; = a;e; in going from the third to last equality.

For calculating div(G(N, W, W), we first of all note that due to Proposition 4.3.3, G(N, X, Y)
is tangent to M for any X,Y € I'(T'M). We calculate

div(G(N, W, W)) Zg W, W), e:)

- Z[Vz-(g(G(N, W, W), e)) — g(G(N, W, W), Vse;)]

B trT 6
7 i=1

+ ¢<N7 W7 VZW7 ei) + w(Nv VV; Wy V’Lez) - 'lb(N, W7 Wa viei)]v

(Vi) (N, W, W, €;) + (VN W, W, e;) + (N, VW, W, e;)

where we have used Proposition 4.3.3 in the third equality, (4.4.2), (4.4.5), Ae; = a;e; and
the fact that 1 is a 4-form to eliminate the ¥(N, V,W, W, ;) and (N, W, V, W, ¢;) in the
last equality.
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Thus we get

tr T & §
div(G(N, W, W)) :72 Vap) (N, W, W, e;) — (Ae;, W, W, ;)]

trT ~ -
= TZ 617 ) (W7 Wa ei) +g(627W)90(N7 W7€i)
=1

— gles, W)o(N, W, e;) + g(es, e)o(N, W, W))]

- (“;l? [g(EW, W) = g(EW, W)+ gles, e:)g(EW, W)]

i=1
A(tr T)?
_ h 4.4.17
0, (4.4.17
where we used (2.3.3) (expression for V;1;u,,) and the fact that for nearly G, structures

T;; = “Lg;; in the fifth equality.

tr7)?
Using the fact that for the unit S7, |T]? = (trT)

(4.4.12), (4.4.16) and (4.4.17) we see that

=7, (44.8), (4.4.9), (4.4.10), (4.4.11),

Anrh = —4h — |APh — g(AW, AEW) + g(AW , AEW) — h + g(AW, AEW)
— h— g(AW, AEW), (4.4.18)

SO
Aph = —(|A]* + 6)h. (4.4.19)

We note that since M is a compact minimal hypersurface of constant scalar curvature in
S7, |AJ? is constant by (4.2.7) and hence |A[]* + h is an eigenvalue of Ay, Now if h is a
constant function then (4.4.19) implies that h = 0, i.e., g({(W), W) = 0. Recall that W is
the tangential component of a non-Killing conformal vector field V on S7 where V is the
tangential component of any constant vector field on R®. The vector field W was obtained
in a similar manner by taking the tangential component of a non-Killing conformal vector
field V on S” which was obtained as the tangential component of a constant vector field
on R® which was linearly independent from the constant vector field which gives V.

Soif g(&(W), W) = 0 for all W, we get £(W) = 0, i.e., B(N, W) = 0. This is a contradiction
because ¢ is invertible and N is a unit vector. Hence there exists W, W such that h is
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not constant and (4.4.19) implies that h is an eigenfunction of Ay, corresponding to the
eigenvalue A = |A|? + 6. So if |[A[*> > 6 then A > 12 with |A|> = X — 6. The proof of
Theorem 4.1.5 is now complete.
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Chapter 5

Some results on Ricci-Bourguignon
solitons and almost solitons

5.1 Introduction

In this chapter we study some rigidity properties of the solitons and almost solitons of
the Ricci-Bourguignon flow. This chapter is based on [Dwil8|. The author was led to the
study of the Ricci-Bourguignon flow as a result of his study of the Laplacian flow for closed
G structures.

Ricci solitons play a major role in Ricci flow where they correspond to self-similar
solutions of the flow. Thus, given a geometric flow it is natural to study the solitons
associated to that flow.

A family of metrics g(¢) on an n-dimensional Riemannian manifold (M™, g) is said to
evolve by the Ricci-Bourguignon flow (RB flow for short) if g(t) satisfies the following
evolution equation

% = —2(Ric — pRy), (5.1.1)

where Ric is the Ricci tensor of the metric, R is the scalar curvature and p € R is a constant.
The flow in equation (5.1.1) was first introduced by Bourguignon [Bou81|, building on some
unpublished work of Lichnerowicz and a paper of Aubin [Aub70]. We note that (5.1.1) is
precisely the Ricci flow if p = 0. In particular, the right hand side of the evolution equation
(5.1.1) is of special interest for different values of p, for example
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e p =1, the Einstein tensor Ric — &g,

° p= %, the traceless Ricci tensor Ric — % g,

o p= ﬁ, the Schouten tensor Ric — Q(n—}il)g,

e p =0, the Ricci tensor Ric.
A systematic study of the parabolic theory of the RB flow was initiated in [CCDMM17].
In that paper, the authors proved, along with many other results, the short time existence

of the flow (5.1.1) on any closed n-dimensional manifold starting with an arbitrary initial

metric go for p < ﬁ As in the Ricci flow case, we make the following

Definition 5.1.1. A Ricci-Bourguignon soliton (RB soliton for short) is a Riemannian
manifold (M™, g) endowed with a vector field X on M that satisfies
1
Rij+ 5(£x9)ij = Agij + pRyys (5.1.2)

where Lxg denotes the Lie derivative of the metric g with respect to the vector field X
and A € R is a constant.

When X = V f for some smooth f: M — R then (M, g) is called a gradient RB soliton.
The soliton is called

1. expanding when A < 0,
2. steady when A =0,

3. shrinking when A > 0.

RB solitons correspond to self-similar solutions of the RB flow. An RB soliton is called
trivial if X is a Killing vector field, i.e., Lxg = 0. We remark that even though the short
time existence result for the flow (5.1.1) is for p < m, any value of p is possible for the
considerations of self-similar solutions of the flow.

Gradient RB solitons were studied in detail, for example in [CM16] and [CMM15] where
the authors called them gradient p-Finstein solitons. Various classification and rigidity
results about gradient RB solitons were proved in those papers and we refer the reader to
those papers for precise statements and proofs of the results.
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The notion of Ricci almost solitons was introduced in [PRRS11| where the authors
modified the definition of a Ricci soliton by considering the parameter A in the definition
of a Ricci soliton to be a function rather than a constant. Motivated by the Ricci flow case
we make the following

Definition 5.1.2. A Riemannian manifold (M", g) is a Ricci-Bourguignon almost soliton
(RB almost soliton for short) if there is a vector field X and a soliton function A : M — R
satisfying

1
Ric + §£Xg = A\g + pRyg. (5.1.3)

An RB almost soliton is called a gradient RB almost soliton if X = Vf for some
smooth function f on M and is expanding, steady or shrinking if A <0, A=0o0r A > 0
respectively. We note that if X is a Killing vector field then a RB almost soliton is just a
RB soliton as it forces A to be a constant.

Recall that a vector field Y on a Riemannian manifold (M, g) is called a conformal
vector field if there exists a function ¢ : M — R such that

Lyg = 2¢g.

The conformal vector field is non-trivial if ¢ # 0.

Some characterization results for compact Ricci and Ricci almost solitons were obtained
in [ABR11] and [BR12] respectively. In this chapter we generalize the results obtained in
those papers to RB and RB almost solitons. More precisely, in §5.3 we prove the following
theorems.

Theorem 5.1.3. Let (M",g,X,\,p) be a RB soliton with n > 3 and suppose that the
vector field X is a conformal vector field.

1. If M is compact then X is a Killing vector field and hence (M™, g, X, A, p) is a trivial
RB soliton.

2. If M is non-compact, complete and gradient RB soliton then either X is a Killing
vector field or (M™, g, X, \, p) is isometric to the Euclidean space.

This generalizes Theorem 3 in [ABR11] and characterizes compact RB solitons when X is a
conformal vector field. The following corollary gives a lower bound for the first eigenvalue of

the Laplacian on a compact RB soliton when X is a conformal vector field and generalizes
Theorem 4 in [ABR11].
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Corollary 5.1.4. Let (M", g, X, \, p) be a compact RB soliton with X a conformal vector
field. If n > 3 and A\ + pR > 0 then the first eigenvalue A\ of the Laplacian satisfies
AL > (A + pR) =25, Moreover, equality occurs if and only if M™ is isometric to a standard
sphere.

The next theorem characterizes compact RB almost solitons with X a conformal vector
field and generalizes Theorem 2 in [BR12].

Theorem 5.1.5. Let (M", g, X, \, p) be a compact RB almost soliton with n > 3. If X is
a nontrivial conformal vector field then M™ is isometric to an Euclidean sphere.

The next theorem generalizes Theorem 3 in [BR12] obtained for compact Ricci almost
solitons, which is the case when p = 0.

Theorem 5.1.6. Let (M", g, X, \, p) be a compact RB almost soliton withn > 3. If p # %

and

(n(2p+1) —2)
np—1

np
np —1

VxdivX —2pg(VR, X) — g(VA, X)]vol <0,

(5.1.4)

/M[Ric(X, X) +

then X s a Killing vector field and M™ is a trivial RB soliton.

Since every RB almost soliton is also a RB soliton for constant A, using VA = 0 we get
the following corollary for compact RB soliton

Corollary 5.1.7. Let (M™, g, X, X, p) be a compact RB soliton withn > 3. If p # £ and

/ [Ric(X, X) + (L

p— 1)VX div X —2pg(VR, X)]vol <0, (5.1.5)

then X is a Killing vector field and M™ is a trivial RB soliton.

Remark 5.1.8. Corollary 5.1.7 is an analog of Theorem 1.1 in [PW09] which was for the
case of compact Ricci solitons. We obtain Petersen-Wylie’s result from ours by setting
p = 0. In fact, the condition in (5.1.5) is analogous to the condition in [PW09, Theorem
1.1], which is obtained when p = 0 in (5.1.5).
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Finally, we obtain an integral formula for compact gradient RB almost solitons gener-
alizing corresponding result for compact gradient Ricci almost solitons from [BR12]

Theorem 5.1.9. Let (M™, g,V f,\,p) be a compact gradient RB almost soliton. Then

/M ’Wf_ %9‘2“31: (ng—_nm/Mg(VR, V f)vol, (5.1.6)

2 —2
/ ‘Ric—Eg’ wﬂ:u/ G(VR,Vf)vol. (5.1.7)
M n 2n M

As an application of the previous theorem we state some conditions for a compact
gradient RB almost soliton to be isometric to an Euclidean sphere.

Corollary 5.1.10. A nontrivial compact gradient RB almost soliton (M™, g,V f, A, p),
n > 3 1s isometric to an Euclidean sphere if any one of the following holds

1. M™ has constant scalar curvature.
2. [, 9(VR,V f)vol <0.

3. M™ is a homogenous manifold.

This chapter is organized as follows. In §5.2 we state and prove some identities for RB
solitons and RB almost solitons which are used to prove the main results. The correspond-
ing analogs for Ricci and Ricci almost solitons can be found, for example, in [ABR11| and
[BR12] respectively. In §5.3 we prove the main theorems and their corollaries.

5.2 Preliminaries

In this section we prove some general results about RB and RB almost solitons. The
proofs of some of these results in the compact gradient case can also be found in [CM16]
or [CMM15]. Let us first recall the Ricci identities (1.1.1) for a (0, 2)-tensor a:

Vz‘vjakl - VjViOékz = _Rijkmaml - Rijlmak:m
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where R;ji; is the Riemann curvature tensor.

We start with the following

Proposition 5.2.1. Let (M", g,V f, A\, p) be a gradient RB almost soliton. Then the fol-
lowing identities hold

(1—-np)R+ Af =nA, 2.
(1—2p(n —1))V;R = 2RaVif +2(n — 1)V, \, (5.2.2)

ViR, — ViR = RjaVif + p(VjRgir — ViRgij)
+ (VAgik — ViAgij), (5.2.3)

Vi[(1 =2p(n — 1))R+ |V f]> = 2(n — 1)A] = (20R + 2\) V., f.
Proof. For a gradient RB almost soliton we have
Rij+ V.V, f = Agij + pRyi;. (5.2.5)
Taking trace of the above equation gives (5.2.1).
Taking the covariant derivative of (5.2.1) in an orthonormal frame gives
(1—=np)V;R+V,V;V;f =nV;\
Commuting covariant derivatives and using the contracted second Bianchi identity give

(1 — n,O)sz = —VjViij + RilVlf + nVZ/\
= —Vj<—RZ'j + )\gi]’ + pRg”) -+ Rl-lVlf -+ an)\

1
and hence

(% —p(n - 1)) ViR =RyVif + (n—1)ViA (5.2.6)

which proves (5.2.2).
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For proving (5.2.3), we use (5.2.5) and commute covariant derivatives to get

ViRj — ViR = (ViViVf = V;ViVif) + p(V;Rga — Vi Rgij)
+ (VjAgir — ViAgij)
= (ViV,;Vif = V;ViVif) + p(V;Rgir — Vi Rgij)
+ (VjAgir — ViAgi;)
= RjxaVif + p(ViRgix — ViRgi;) + (Vi gk — ViAgs;). (5.2.7)

Finally from (5.2.2) we get
(1—=2p(n —1))V,R =2V, f(=V,Vif + Agu + pRgyr) +2(n — 1)V,
= =2V VNV f +2\V, f + 2pRV, f + 2(71 - 1)Vz/\

so we get
Vi[(1=2p(n —1))R+ [Vf|* = 2(n — 1)A] = (2pR +2\)V, f (5.2.8)
which proves (5.2.4).
O
Remark 5.2.2. The analogous identities for gradient RB solitons (M", g, Vf, A, p) are
(I —np)R+Af =nA, (5.2.9)
(1 —=2p(n—1))V,R=2R;V,f, (5.2.10)
ViR, — ViRi; = RjuVif + p(V;Rgi — ViRgi;), (5.2.11)
Vi[(1=2p(n—1))R+ |V f]> = 2\f] = 2pRV,f. (5.2.12)
The proofs of these identities are special cases of the previous result as VA = 0.
We recall the following lemma from [PW09, Lemma 2.1]
Lemma 5.2.3. Let X be a vector field on a Riemannian manifold (M™,g). Then
div(Lxg)(X) = %A]XF C VX[ + Rie(X, X) + Vy div X. (5.2.13)
When X =V f and Z is any vector field then
div(Lv9)(Z) = 2Ric(Z,V ) + 2V zdiv V f. (5.2.14)
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We use the preceding lemma to prove the following

Lemma 5.2.4. Let (M™, g, X, )\, p) be a RB almost soliton. Then

WNXP = (1 —np)|[VX|* + (np — DRic(X, X) + npVx div X
+2p(1 = np)g(VR, X) — (n(2p + 1) = 2)g(VA, X) (5.2.15)

and

(1 —np)

5 (A= VX)X = (1 =np)[ VX" + A(np = DX + p(np — HR|XT?

+npVxdivX 4+ 2p(1 —np)g(VR, X)
—(n(2p+1) —2)g(VA X). (5.2.16)

Proof. We first notice that (5.1.3) gives

2 div Ric + div(Lxg) = 2VA + 2pVR. (5.2.17)
Taking the trace of (5.1.3) gives (1 — np)R + div X = n\ and thus

(1 —=np)VxR+ Vx(divX)=nVxA (5.2.18)

So using (5.2.13), (5.2.17), (5.2.18) and the contracted second Bianchi identity, we get

Vx(divX) = (np—1)VxR+ng(VA X)
= 2(np — 1) div Ric(X) + ng(VA, X)
= —(np — 1) div(Lxg)(X) + 2p(np — 1)g(VR, X) + 2(np — 1)g(VA, X)
+ng(VA, X)
= (1—np) (%A]XF — VX + Ric(X, X) + V div X)
+2p(np —1)g(VR, X) + (n(2p+1) — 2)g(VA, X)

= UMD N X~ (1 - )| VX[ + (1~ mp)Ric(X. X)

+ (1 =np)VxdivX +2p(np — 1)g(VR, X) + (n(2p+ 1) — 2)g(VA, X)
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which gives

) _znmA'X’z = (1 —np)|[VX]* + (np — DRic(X, X) + npVy div X
+2p(1 —np)g(VR, X) — (n(2p + 1) — 2)g(V, X), (5.2.19)

thus proving (5.2.15).

Using (5.1.3) to write Ric(X, X) = —1(Lxg)(X, X) + A\| X > + pR|X]* in (5.2.15) we
get

1-— 1
QM2 AP = (1= np) VAP + (mp— 1)~ 5 (Lx0)(X, X) + NXP + pRIXT?)
+npVx divX +2p(1 —np)g(VR, X) — (n(2p+1) — 2)g(VA, X)
1 _
= (1= )X + L 2L X2 4 Ao — DIXT? + ol - 1)BIXP
+npVxdivX +2p(1 —np)g(VR, X) — (n(2p+ 1) — 2)g(VA, X)

which gives

(1 —np) (A= V)X = (1—np)|[ VX + Anp — )| X2 + p(np — )R X|?

2
+npVx divX 4 2p(1 —np)g(VR, X)
—(n(2p+1) —2)g(VA, X), (5.2.20)

proving (5.2.16). O

If we consider the diffusion operator Ax = A — Vx then the previous lemma with
X =V fand Ay = A — Vyy gives the following corollary

Corollary 5.2.5. For a gradient RB almost soliton (M, g,V f, A, p) we have

LT N9 12 = (L= mp) V211 + Ao — DIV + plip — DRIV

2
+npVyvp(Af) +2p(1 —np)g(VR, V)
— (n(2p+1) — 2)g(VA, V). (5.2.21)
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Remark 5.2.6. The analogs of (5.2.15) and (5.2.16) for a RB soliton (M™, g, X, A, p) are
(1 — np) 2 . 2 . . .
— AIX]*=(1—=np)|VX]*+ (np — 1)Ric(X, X) + npVx div X
+2p(1 —np)g(VR, X) (5.2.22)
and

U000 (A - WX = (1= np)[ VX + Alnp — DIXP? + plnp — DRIX]

2
+npVxdivX +2p(1 —np)g(VR, X).
(5.2.23)

The proofs are special cases of the proof of Lemma 5.2.4 with VA = 0.

5.3 Proofs of the results

We start this section by proving the following lemma which is used in the proof of Theo-
rem 5.1.3 and Theorem 5.1.5.

Lemma 5.3.1. Let (M™, g, X, \, p) be a RB almost soliton with n > 3. If X is a nontrivial
conformal vector field with Lxg = 21g then R and A\ — ) are constant.

Proof. The soliton equation is
1
where A\ : M — R is a function. If X is a nontrivial conformal vector field then we have

Lxg=21g (5.3.2)

for some function ¥ : M — R, ¥ # 0. So (5.3.1) becomes

Rij = (A= v + pR)gi;. (5.3.3)
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Taking the divergence of (5.3.3) we get
ViRi; = Vi(A =¥+ pR)gi;,
— (G- ViR=V,(~ ). (5.3.4)
On the other hand, tracing (5.3.3) and taking the covariant derivative we get
(1 —np)V;R =nV;(A—p). (5.3.5)

So from (5.3.4) and (5.3.5) we get

1
(1—-np)V;R = n(§ — p)V,R. (5.3.6)
So if M is connected then R is a constant and hence A\ — 1) is a constant. O

Remark 5.3.2. If (M", g, X, A, p) is a RB soliton with n > 3 and X is a conformal vector
field with £xg = 2 g for some function ¥ : M — R then the proof of Lemma 5.3.1 shows
that R and v are constant as in this case VA = 0.

We now prove Theorem 5.1.3 which we restate here

Theorem 5.3.3. Let (M",g,X,\,p) be a RB soliton with n > 3 and suppose that the
vector field X is a conformal vector field.

1. If M is compact then X is a Killing vector field and hence (M™, g, X, A, p) is a trivial
RB soliton.

2. If M s non-compact, complete and a gradient RB soliton then either X is a Killing
vector field or (M™, g, X, \, p) is isometric to the Fuclidean space.

Proof. Suppose X is a conformal vector field with potential ¢ : M — R, i.e.,

Lxg=2Yg (5.3.7)

then from Remark 5.3.2 we know that R and v are constant.

Taking trace of (5.3.7) we get
2div X = 2ny
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which upon integration over compact M gives
0= / 2 div X vol = 2n Vol(M )1, (5.3.8)
M

ie., 1 =0. So X is a Killing vector field and hence (M", X, g, A, p) is a trivial RB soliton.

If M is noncompact and a gradient RB soliton with X = Vf, then X being conformal
implies

Vivjf = ¢9ij

and by Remark 5.3.2, 9 is constant. If v = 0 then X is a Killing vector field and M is
a trivial RB soliton. If ¢ # 0, then from |[Tas65, Theorem 2|, we conclude that M™ is
isometric to the Euclidean space.

O
Next we prove Corollary 5.1.4.

Proof. Since M™ is compact, from Theorem 5.1.3 we know that X is a Killing vector field
and hence Ric = (A + pR)g. So we can apply a classical theorem due to Lichnerowicz
[Lic58] which states that if Ric > k where k& > 0 is a constant then the first eigenvalue of
the Laplacian \; satisfies \; > %k‘ So we get

n
A > (A + pR)——.
12 (A+p )n 1

Moreover, for the equality case we can apply Obata’s theorem [Oba62| to conclude that

equality occurs in the above inequality if and only if M™ is isometric to a sphere of constant
A+ pR

curvature . O
n—1

We now prove Theorem 5.1.5 which we restate here

Theorem 5.3.4. Let (M", g, X, \, p) be a compact RB almost soliton with n > 3. If X is
a nontrivial conformal vector field then M™ is isometric to an Euclidean sphere.
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Proof. Suppose X is a nontrivial conformal vector field with potential function v : M — R,
ie.,

Lxg=2¢g

with ¢ # 0. Since (M™, g, X, A, p) is a compact RB almost soliton with n > 3, Lemma 5.3.1
tells us that R and A — 1 are constant. So from Lemma 2.3 in [Yan70, pg.52| we conclude
that R # 0 or else ¢ would be 0. Taking the Lie derivative of (5.3.3) we get

EXRiC = ,Cx(/\ - ¢ + pR)g
and since (A — 1), p and R are all constant so we get
LxRic =2(A =9+ pR)g. (5.3.9)

Now we can apply Theorem 4.2 of [Yan70, pg. 54| to conclude that M is isometric to an
Euclidean sphere. O

We proceed to the proof of Theorem 5.1.6.

Proof. We see from (5.2.15) of Lemma 5.2.4 that
@Am? = (1—np)[VX[* + (np — 1DRic(X, X) + npVx div X
+2p(1 —np)g(VR, X) — (n(2p+ 1) — 2)g(VA, X).
Integrating above over compact M we get
0= / [(1 —np)|[VX|* + (np — 1)Ric(X, X) + npVyx div X
Ai 2p(1 —=np)g(VR, X) — (n(2p+1) — 2)g(VA, X)] vol. (5.3.10)

Since p # %, we get

/M VX |2 vol = /M [Ric(X,X)+np”f -V div X = 2p9(VR, X)

(n(2p+1) —2)
— A, X)] vol 3.11
P =2 4(VA, X)) vol, (53.11)
soif (5.1.4) holds then |V X|? = 0 and hence X is a Killing vector field. Thus (M", g, X, ), p)
is trivial.

]
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The proof of Corollary 5.1.7 is a special case of the proof of Theorem 5.1.6 where we
use (5.2.22) of Remark 5.2.6.

Next, we prove Theorem 5.1.9 which we restate here

Theorem 5.3.5. Let (M™, g,V f,\,p) be a compact gradient RB almost soliton. Then
A -2
/ V2 f - —fg\Qvol = M/ g(VR,V [)vol, (5.3.12)
M n 2n M

—2
/ |Ric — §g|2vol = %/ g(VR,V f)vol. (5.3.13)
M M

Proof. For proving (5.3.12) we take the divergence of (5.2.4) of Proposition 5.2.1 to get

(1—2p(n—1)AR+ A|VF]* —2(n — 1)AX = 2pg(VR,Vf) + 29(VA, V)
+ (2pR + 2\)Af. (5.3.14)

By commuting covariant derivatives we have

ViVi(g(Vif, V1) =2Vi(g(ViV;f, V5 )
= 29(ViViVif, Vi f) + 2|V f]?
= 2g(vjvivif - Rijilvlfa ij) + 2|V2f|2
=29(V(Af),Vf)+2Ric(Vf,Vf) + 2|V2f|2

so (5.3.14) becomes
(1—2p(n —1))AR+2g(V(Af),Vf)+2Ric(Vf, Vf) + 2|V —2(n — 1)AX =

209(VR,Vf) +29(VA, V) + (2pR + 2\) A f. (5.3.15)

From (5.2.1) of Proposition 5.2.1 we know that A f = nA+(np—1)R which on differentiation
and using (5.2.5) becomes
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= (1 =np)ViR+ V(=R + Agi; + pRgi;) — RuVif — nViA
1
and hence

2Ric(Vf,Vf)=(1—-2p(n—1))g(VR,Vf)+2(1 —n)g(VA, Vf). (5.3.16)

So using (5.3.16) and Af = n\+ (np — 1)R, the left hand side of (5.3.15) becomes

(1 —2p(n —1)AR+2|V2f* = 2(n — 1)AXN +29(VA\, Vf) + (2p — 1)g(VR, V)
and hence (5.3.15) becomes

(1—2p(n —1)AR+2|V*f|* —2(n — 1)AXN = g(VR,Vf) + (2pR + 2\)Af.  (5.3.17)

Since |V2f — 2Lg|? = |V2f|? — %, equation (5.3.17) becomes

(1—2p(n—1))AR+2|V?f — %9\2 = g(VR,Vf) + (2pR+ 2\ Af — 2(A7{)2
+2(n — 1)AX
= g(VR,Vf) + (2pR+ 2))Af

— 2@(71)\ +(np—1)R) 4+ 2(n — 1)AX

2
=g(VR,Vf) + ERAf +2(n —1)AX.  (5.3.18)
Integrating (5.3.18) over compact M gives

/2|V2f—ﬂg]2vol:/ [g(VR,Vf)—l—zRAf vol
M n M n

— (”;2)/ g(VR,V[)vol (5.3.19)
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where we have used integration by parts in the second equality. This proves (5.3.12).

For proving (5.3.13) note that

R R
Ric — —g = —-V?f+Ag+ pRg — —g
n n
R
= -V*f+(A+pR— )9
A
= -V’f+ ng (5.3.20)

and then (5.3.13) follows from (5.3.12). O

Remark 5.3.6. Since a gradient RB soliton is a special case of a gradient RB almost
soliton, the proof of Theorem 5.1.9, with VA = 0, shows that the same integral formulas
(5.3.12) and (5.3.13) hold for a compact gradient RB soliton too.

Finally, using Theorem 5.1.9 we prove Corollary 5.1.10.
Proof. Observe that any of the assumptions of Corollary 5.1.10 enable us to conclude that

the right hand side of (5.3.13) is less than or equal to zero and hence Ric = %g. So from
(5.2.5) we see that

ViVl = A+ Rip— )

and hence V f is a nontrivial conformal vector field so from Theorem 5.1.5 we get that M™
is isometric to an Euclidean sphere. O]
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Chapter 6

A gradient flow of isometric Go
structures

6.1 Introduction

The existence of torsion-free Go-structures on a manifold is a challenging problem. Ge-
ometric flows are a powerful tool to tackle such questions and one hopes that a suitable
flow of Go-structures might help in establishing the existence of torsion-free Go-structures.
There has been a lot of work in this direction. General flows of Go-structures were con-
sidered by Karigiannis in [Kar09|. Earlier in [Bry06], Bryant introduced the Laplacian
flow of closed Ga-structures. Several foundational results for the Laplacian flow for closed
Go-structures were established in a series of papers [LW17; LW19b; LW19a| by Lotay—Wei.
The Laplacian flow for co-closed Go-structures was introduced by Karigiannis-McKay—
Tsui in [KMT12] and a modified co-flow was studied by Grigorian [Gril3]. An approach
via gradient flow of energy-type functionals was introduced by Weiss—-Witt [WW12| and
Ammann—Weiss-Witt in [AWW16].

In the present chapter, we study a different but related problem, in that we use a partic-
ular geometric flow to look for a Go-structure which is in some sense optimal. Specifically,
we consider a flow ¢(t) of Gg-structures on a manifold M that preserves the Riemannian
metric, which we call the isometric flow of Go-structures. This flow is the negative gradient
flow of a natural energy functional restricted to the set of Gs-structures inducing a fixed
metric. The flow seeks a Go-structure amongst those Go-structures inducing the same fixed
metric which has minimal L? norm of torsion.
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One possible motivation for studying this isometric flow of Go-structures is that it can
be coupled with “Ricci flow” of Go-structures, which is a flow of Go-structures that induces
precisely the Ricci flow on metrics, in contrast to the Laplacian flow which induces Ricci
flow plus lower order terms involving the torsion. In effect, one may hope to first flow
the 3-form in a way that improves the metric, and then flow the 3-form in a way that
preserves the metric but still decreases the torsion. More generally, the isometric flow is
a particular geometric flow of Gy-structures distinct from the Laplacian flow, and both fit
into a broader class of geometric flows of G-structures with good analytic properties. A
detailed study of a general class of flows that includes both the Laplacian flow and the
isometric flow is undertaken in [DGK].

We develop a comprehensive foundational theory for the isometric flow. A summary of
the main results of the chapter is as follows.

In §6.2 we discuss preliminary results on the isometric flow, including the gradient of
the energy functional, short-time existence, parabolic rescaling, and solitons.

In §6.3 we prove Shi-type estimates for the flow (Theorem 6.3.3). We also prove local
derivative estimates in Theorem 6.3.7. Using these we show that the flow (6.2.8) has a
solution as long as the torsion tensor 7" remains bounded along the flow (Theorem 6.3.8).
We also derive a compactness theorem for solutions along the flow (Theorem 6.3.13).

In §6.4, we briefly summarize the rest of the results from [DGK19].

We note that the paper by Grigorian [Gril9] studies the same flow and he obtained
similar results by using the theory of octonion bundles whereas in the present chapter we
use a more traditional geometric flows approach. Another closely related preprint is by
Loubeau—Sa Earp [LE19], in which they consider the more general context of harmonic
G-structures for a fixed Riemannian metric.

6.2 Preliminary results on the Isometric Flow

In this section we discuss several preliminary properties of the isometric flow. This includes
a derivation of the fact that it is the negative gradient flow of the energy functional, short-
time existence, and parabolic rescaling which we use frequently as a crucial tool. We also
discuss solitons for the isometric flow.
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6.2.1 The isometric flow of Gs-structures

In this section we define the isometric flow, and establish that it is a negative gradient
flow.

Definition 6.2.1 (Isometric Ga-structures). Two Gay-structures ¢; and ¢ on M are called
isometric if they induce the same Riemannian metric, that is if g,, = g,,. We will denote
the space of Go-structures that are isometric to a given Go-structure ¢ by [¢].

Remark 6.2.2. The space of torsion-free Go-structures that induce the same Riemannian
metric was studied by Lin [Lin18|. We do not restrict to torsion-free Go-structures in the
present paper.

Fix an initial Go-structure ¢y on M.
Definition 6.2.3. Define the energy functional E on the set [¢o] by

1

1ﬂ¢)=:§/L¢rA2wﬂ¢ (6.2.1)

where T, is the torsion of .

Note that F is the same functional considered in [WW12|, but here we only allow ¢ to
vary in the class [po] of isometric Go-structures, whereas in [WW12] the functional was
considered on the space of all Gao-structures.

The functional E in (6.2.1) was considered by Grigorian in [Gril7| in the context of
“octonionic bundles” over M where he showed that the critical points of the functional
are precisely the Gg-structures with divergence-free torsion, that is, divl’ = 0. Note that
the underlying metric here is the same for all Go-structures in [¢], so the divergence is
unambiguously defined. A very natural question arises: given any initial Gy-structure g
on M what is the ‘best’ Go-structure in the class [¢p]. An obvious way to study this
question is to consider the negative gradient flow of the functional (6.2.1). (In fact it is
more convenient to take the negative gradient flow of 4FE. See Proposition 6.2.5.)

Before we can describe this flow, recall from (2.2.11) that if h be a symmetric 2-tensor
on M then we can define a 3-form h ¢ ¢ on M by the formula

(h o ©)ijk = hipPpik + RjpPipk + hippijp- (6.2.2)
Note from (6.2.2) that if h = g is the metric, we get
gop=3p. (6.2.3)
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Then from (3.1.1) the most general flow of Go-structures is given by

¢ _

5 hop+ X1 (6.2.4)

where h is a time-dependent symmetric 2-tensor and X is a time-dependent vector field.
In this case the flow of the metric g is given by

9y
— = 2h. 6.2.5
ot ( )

To begin we consider the first variation of the torsion 7" with respect to variations of
the Ga-structure that preserve the metric.

Lemma 6.2.4. Let (p1)ic(—s5) be a smooth family of Go-structures in the class [¢] with
wo = ¢. By equations (6.2.4) and (6.2.5), we can write %L:O o = X1 for some vector
field X . Let T, be the torsion of ;. Then we have

0
t t=0

Proof. Since g, = ¢ for all t € (—6,0), the covariant derivative V is independent of T
Since %}t:o oy = X, by [Kar09, Theorem 3.5| we have %‘t:o 1y = —X N p. That is, we
have

0
ot . (%)iﬂc = XpUpij,
0
En (V)i = —Xswjm + Xj0im — Xipiji + Xiiji-
+=0

From these observations and equation (2.3.2), we compute

0 0
24 a o (Tt)l] - & o (Vi(gpt)abc(wt)jabc)
:V,(g (th)b)@z)‘b +Vgpb(2 (@Dt)b)
) 8t o abc Jabc 1 abc 0t o jabe

- vz (qu/)pabc>¢jabc + Vigoabc(_stpabc + XaSOjbc - ngpjac + Xcsojab)-
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Using (2.3.1), (2.3.3) and the contraction identities (2.1.12) and (2.1.15), the above becomes
0

24 a (T;f)z] = ViXpwpabcwjabc + vai'lybpabcd}jabc
t=0

+ T‘ipwpabc<_Xj§0abc + Xa‘;pjbc - ngojac + Xcspjab)

= 24Vingpj + Xp(_ﬂpgpabc + T%asppbc - T;b‘;ppac + T‘ic(ppab)qu)jabc
— 0 + BﬂanSOjbc’l/}pabc

= 24V, X; — 04 3T5a X, ppetjave + 3TipXa(—40jpa)

= 24V, X + 3T5a Xy (—4ppja) — 12X Tip0jpa

= 24v1X] =+ 24Xaﬂp§0apj;

which is precisely (6.2.6). O

Now let E be the energy functional from Definition 6.2.3, restricted to the set [¢] of
Ga-structures inducing the same metric as .

Proposition 6.2.5. The gradient of 4F : [¢] — R at the point ¢ is — divT a1, where T
is the torsion of ¢ and ¢ = xp. That is, if (¢1)ic(—ss) s a smooth family in the class [¢]
with pg = ¢ and %‘t:(} wy =1, then

4
dt

AE(py) = —/ (divT a4, m) vol, .
=0 M

Proof. Using Lemma 6.2.4 compute

a
dt

d

1
Blg) = 4| 1 / (T))15(T1)sy vol
t=0 dt t=0 2 M ’ ’ J

:/ T‘Z](VZX] +Xlﬂm90lmj>V019‘
M

The second term vanishes because T;;T;,, is symmetric in j,m and ,; is skew in j,m.
We integrate by parts on the first term to obtain

% E(p:) = —/ X;V,T;;vol, = —/ (X, divT) vol,, .
t=0 M M

Equation (2.1.16) implies that (X1, Y ¢) = : XpthpapeYqlqare = 4X,Y, = 4(X,Y), so the
above equation becomes

a
dt

4E (o) = —4/MX]~VZ~TZ»]- vol, = — /]V[<X_l Y, div T 1)) vol, . (6.2.7)

t=0
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The space of 3-forms decomposes into the pointwise orthogonal splitting
Q=00 e Ny,

where Q3 = {Y 49 : Y € I(T'M)}. Using this observation, the result follows immediately
from (6.2.7). O

We can now define the isometric flow.

Definition 6.2.6 (The isometric flow). Let (M7, ) be a compact manifold with a G-
structure. Consider the negative gradient flow of the functional 4F restricted to the class
[]. By Proposition 6.2.5, this evolution of ¢ is given by

{ % — divT e,

o0 = v (6.2.8)

We call (6.2.8) the isometric flow of Ga-structures. Note from (6.2.4) that h = 0 for the
isometric flow and hence (6.2.8) is indeed a flow of isometric Go-structures.

6.2.2 Short time existence

The isometric flow (6.2.8) has short time existence and uniqueness, because it is equivalent
to a strictly parabolic flow. This was first proved by Bagaglini in [Bagl9| using spinorial
methods. A proof is also given in Grigorian |Gril9, Section 5| using octonion algebra. In
this section we explain how to derive the equivalent strictly parabolic flow, avoiding the
use of spinors or octonions. The full details are quite laborious and unenlightening. We
need to make extensive use of the various contraction identities of ¢ with ¢ and ¢ with .
We present just enough details so that the interested reader can fill in the gaps on their
OWn.

Note: In this section only, for brevity, we use A to denote the time derivative of A.

The starting point is the following result of Bryant.
Proposition 6.2.7 ([Bry06, Equation (3.6)]). Let (M, y) be a manifold with Ga-structure
such that ¢ induces the Riemannian metric g. Then all the other Gq-structures on M
inducing the same metric g can be parametrized by a pair (f, X) where f is a function

and X is a vector field satisfying f? + | X|* = 1. The explicit formula for the Gy-structure
©(f,x) corresponding to the pair (f, X) is

pux) = (= 1XP)e —2fXa¢ + 2X A (X ), (6.2.9)
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where ¢ = x4 and the norm of X is taken with respect to g. Note that the pair (—f, —X)
induces the same Gay-structure as (f, X) so in fact the Gy-structures on M inducing the
metric g correspond to sections of an RP"-bundle over M.

Fix a pair (f, X') with f?+|X|* = 1 and write ¢ for ¢ x. In terms of a local orthonormal
frame, equation (6.2.9) is

Gije = (1 = 21X ") @ijk — 2f Xntbmijn

(6.2.10)
+ 2X; X0 Omjk + 22X X0 0imi + 2X5 X0 Qijm-

Since ¢ induces the same metric g as ¢, they have the same Hodge star operator %, so we
have 1(s,x) = *p(s,x). Using equation (6.2.9) and the identity (X A a) = (—1)*X _1*a for
« a k-form, we obtain

Yix) = (1 —2IXP) ko = 2f % (X1p) + 2% (X A (X))
= (1 =2/ XP)+2fX Ao +2X 1x(X 1)
= (1 =2/ XH+2fX Ao +2X (X A).

Using the fact that _ is a derivation, this becomes

Yixy =1 =2/ XD +2fX A +2|X [P — 2X A (X 1)
=+ 2fX Np—2X N (X29).

In a local frame this is

Vit = Vgjrr + 2f (Xgpint — XjPgr + Xipgit — XiPgik)

(6.2.11)
— 2 X XUkt + Xj X Wgmut + Xp X Wgjmi + XiXmWgjem)-

Note that all the contractions above are taken with respect to the fixed metric g that is
induced by both ¢ and .

Now suppose that ¢; is evolving by the isometric flow (6.2.8). Since the metric is
constant, this time-dependent Gy-structure will correspond by (6.2.9) to a time-dependent

pair (f, X). We write ¢ for ¢;, with torsion T = T;. The initial condition ¢y = ¢
corresponds to initial conditions fo = 1 and Xy = 0.

Proposition 6.2.8. Under the isometric flow, the pair (f, X) evolves by
| _
f==(X,divT),
T (6.2.12)
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where X is the cross product with respect to the initial Go-structure ¢, given by (Y x X); =
YoXo@ark, and (-,-) is the inner product given by the metric g.

Proof. Let v = ¢;. Since ¢ and ¢ in equation (6.2.10) are constant in time, differentiating
with respect to t we get

Yajk = —4<X, X>‘zpajk - 2me7v/}majk - Qme¢majk
+ 2XaXm§0mjk + 2Xij90amk + 2)'(k)(mgpajm
+ 2XaXm(pmjk + 2Xij90amk + 2Xka(pajm~

Let o = divT_¢. Using (6.2.11) we have

Oajk = (le j—?)mi;majk
= (le T)mwmajk + 2f(d1V T)m(XmSOajk - Xa(pmjk + ngomak - Xk:gomaj)
— 2(diV T)m(XmXpl/Jpajk + XaXp¢mpjk + XjXp¢mapk + XkXp¢majp)‘

Under the flow we have v = ¢, = div T, 1Z = 0, so we must have 7, = 04;,. Contracting
both sides of this equation with ¢;;;, gives an equivalent equation, as the map a,j; —
QijrCajk is a linear isomorphism from A% = A7 @ A3 @ A3, onto Sym® @ A2, the space of
2-tensors with no A%, component. (See [Kar09] for details.) Now using the contraction
identities (2.1.9) and (2.1.12), one can compute that

CijkVajk = —16(X, X)gia + 8(Xi X, + X X;) — 8(f X, + [ X,)Ppias (6.2.13)
and similarly that

GiikTaik = HAivT)pppia + 8F(X, div T gsa — 8F(divT); X, + 4 (div T), X Upgia

A(div T x X)X, +4(divT x X)oX; — 4(X, div T) Xp@pia — 4| X2 (div T) pppia-

(6.2.14)

Thus from v = o, the right hand sides of equations (6.2.13) and (6.2.14) must be equal. If
we take the trace of both sides, we find that

(X, X) = —£<X, div 7). (6.2.15)

On the other hand, if we contract both sides with @;q., we find that

2 ~ - -
ka + ka = —f?(diVT)k + g((cth) X X)k + %<X, diVT)Xk. (6.2.16)
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Multiplying (6.2.16) with X} and summing over k, we get

2

FIXP + 10X X) = -2

~ 1 ~
(divT, X) +0+ 5(X, div T)| X|?.

Substituting (6.2.15) into the above, we obtain the first equation in (6.2.12). Then sub-
stituting that back into (6.2.16) gives the second equation in (6.2.12). Thus the two
equations in (6.2.12) are necessary consequences of v = ¢. However, substituting both
equations in (6.2.12) back into (6.2.13) and (6.2.14) shows that these are in fact sufficient
to ensure v = ¢. Thus the proof is complete. O

In fact, from f? = 1 — | X% it is easy to check that the first equation in (6.2.12)
is a consequence of the second equation in (6.2.12). Thus the isometric flow (6.2.8) is
completely determined by the single equation X = —% fdivT + %(div T) x X. In order

to establish that this equation is strictly parabolic, we need to express the torsion 7 =T
and its divergence in terms of (f, X).

Lemma 6.2.9. The torsion T of o = @(sx) 18

T = (1 = 2|X )T + 2Tpm Xon Xy + 2f Ty X10miq

(6.2.17)
— OV, X XiPmig + 2V f Xy — 2fV, X,

Proof. Taking V,, of (6.2.10) gives

V,@iik = =4V, X0 Xonpiie + (1 = 2| X*) V0
— 2V, f X ¥mije — 20 Vp X ¥mije — 2 X VpPmije
+ 2V, Xi Xon @ik + 2V X XonPimk + 2V, Xp X ijm
+ 2X;Vp XonPmjk + 2X;Vp Xon@imk + 22XV Xonijm
+ 2X; X Vo omik + 2X; X Vo Pimk + 22X X0V p Qi

We now substitute the expressions for Vo and Vi from (2.3.1) and (2.3.3) into the above
expression, and use (2.3.2) to write

24qu = vp@ijkqﬂqzjk .

After an extremely lengthy computation using the various identities in (2.1.9)-(2.1.12), one
indeed obtains the result (6.2.17). We omit the details. O
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Corollary 6.2.10. The divergence div Tvq = fopq of the torsion T of ¢ = O(f,x) 18

div T, = (1 = 2| X)) (div T)y — 4XnVp Xon g + 2(div T X Xy + 2T Vp X X,
+ 2Tmemvaq + QfoTpleSOqu + 2f<le T)leSOlmq + 2prlvamS0lmq
— OV, Vo X X Pimg — 2V p X X Tosthaimg + 2V, Vi [ Xy — 2fV,V, X,
(6.2.18)

Proof. This again follows by applying V,, to equation (6.2.17) and using the various iden-
tities in (2.1.9)-(2.1.12). We omit the details. O

We can now apply the above result as follows.
Proposition 6.2.11. Under the isometric flow, the vector field X evolves by
X, = AXp + X Vo X Tog — FTom Vo XXy — TV p X Pimg
HIVIPX, + VXX, — | XV, [Ty + TV, fXi X, (6.2.19)
+ 10,sV, X1 X0 X Psia — g(div 1), + %(X X (divT)),.

Proof. Once again this follows from equations (6.2.12) and (6.2.18) after a lengthy calcu-
lation, using also the relation f2 + |X|* = 1. O

Equation (6.2.19) is just a heat equation for the vector field X with lower order terms,
and is thus strictly parabolic. Using classical parabolic theory, we have therefore established
the following result.

Theorem 6.2.12. Let (M7, ¢q) be a compact manifold with Ga-structure. The flow (6.2.8)
has a unique solution for a short time t € [0, ¢).

6.2.3 Parabolic rescaling

As is usual for geometric evolution equations, the natural ‘parabolic rescaling’ of the prob-
lem involves scaling the t by ¢*t when we scale the space variables by c. In this section we
make this precise, as we will crucially use this property frequently later in the chapter.

Lemma 6.2.13. Let ¢ > 0 be a constant. If ¢(t) is a solution of the isometric flow (6.2.8)
with p(0) = ¢, then §(t) = Ap(c*t) is a solution of (6.2.8) with (0) = c*p.
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Proof. Define a new G-structure @ = c3p. Then it follows [Kar09, Theorem 2.23| that
g = c*g and J = ¢*). Hence from (2.3.2) we have T = cT. (Recall that we are suppressing
the writing of the g~! terms because we are using an orthonormal frame.) Therefore as a
1-form, div§f = ¢ 'div, T, and so converting to vector fields using the metric, we have
(divg )29 = ¢ e 24 (div, T) 2 = ¢(div, T) 4. But then it is clear from (6.2.8) that

with ¢ = ¢?t, we obtain the desired conclusion. O

We note here for later use that if $ = c3p, then we also have

IVIRm|; = ¢ ®*)|V/Rml|,, |V/T|; =c¢ |V/T,. (6.2.20)

6.2.4 Solitons for the isometric flow

In this section we study the relation between self-similar solutions and solitons for the
isometric flow.

Let Ly denote the Lie derivative with respect to Y. Consider the identity
(Ly@)ije = (Vy@)ijk + ViYpppir + ViYopipk + ViYppijp.
Using equations (2.3.1) and (6.2.2) we can rewrite the above as
(Ly©)iji = YiTptpijn + (VY) o %)ijk-

The second term above can be written as hoyp+Z.n) where h;; = %(Vin—I—VjY;) = %(Eyg)ij
and Z is a vector field on M such that Z,1, is the Q2 component of (VY) ¢ ¢. Because
Q3 D Q3. is the kernel of v — 755Uk, from the contraction identities (2.1.15) and (2.1.12)
we deduce that
247, = Z1ijklmigk = (ViYp@pik + Vi Yp0ipk + ViYp@ijp) Umijk
= 3ViY,0piktmije = —12V, Y 0pmi.
Thus we have Z,, = —%Vﬂ}gpijm = —%(curlY)m. (See [Karl0] for more about the curl

operator.)

Combining these observations we can write

(Ly@)iji = (Y IT)ptpijie — 5 (curlY) ytpiii + 5(Lyg) © ¢. (6.2.21)
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Definition 6.2.14. Let (¢())ic(a,5) be a solution of the isometric flow (6.2.8) where 0 €
(o, B). We say that it is a self-similar solution if there exist a function a(t) with a(0) = 1,
a Go-structure g, and a family of diffeomorphisms f; : M — M with fy = id,; such that

p(t) = (a(t))’ f; o
for all t € («, 5). Since p(t) is a solution to the isometric flow, we have
9(t) = Getr) = Gp0) = o0 = 9(0)-

Lemma 6.2.15. Given a self-similar solution (¢(t))ic(a,p) of the isometric flow, there is a
family X (t) of vector fields such that

_ 1
div T¢(t) = —5 curlw(t)(X(t)) + X(t)_l Tsﬂ(t)'
In particular, there is a vector field Xy such that po satisfies

1
divTy,, = —3 curly, (Xo) + Xod T, .-

Proof. Set ¢y = ¢(0) and go = g,,, and let W (t) be the infinitesimal generator of f;. That
is,

0
aft =Wi(t)o fi.
With X () = (f,1).W(t) we compute

%@(t) = 3a'(t)(a(t))* f{ o + (a(t))* £ (L po)
= 3a'(t)(a(t))* £ wo + (@)’ L 1) [ 0o
= 3d/(t)(a(t)) " o(t) + Lxpp(t). (6.2.22)
From (6.2.21) we also have
1 1
Lxwep(t) = iﬁx(t)g(t) o @(t) + (—5 curlyy X (t) + X (1) T) J1(t). (6.2.23)

On the other hand, since g(t) = go) = (a(t))*f;go we find that

0= % (t) = 2d/(t)a(t) f; go + (a(t))* f; (Lw(e)90)
= 2d'(t)a(t) f; go + (a(t))*L 1y 90
= 2d'(t)(a(t)) "g(t) + Lxwg(t). (6:2.24)
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Hence, combining (6.2.23) and (6.2.24), and using also (6.2.3), the expression (6.2.22)
becomes

a(p(t) = div Tw(t)—‘ w(t)

:3d@ﬂa@»]¢@)+%£Xmg@»0¢@f+<—%CmﬁﬁyX@)+XXﬂJT)J¢@)

= 30/()(a(0) (1) — ¢ ((a(t) " 9(8) 0 £(0) + = 3 eurl,y X () + X(OT) 300
:<_%mmmxw+xupﬂme

as claimed. n

Definition 6.2.16. An isometric soliton on (M, go) is defined to be a triple (g, Xy, ¢)
where ¢q is a Go-structure on M inducing the Riemannian metric gy, and X is a vector
field satisfying

£Xogo = C9o

for some constant ¢ € R and
1
divT,, = —3 curly,, Xo + XoaTy,.

Moreover, it is called shrinking, steady, or expanding, depending on whether c is positive,
zero, or negative, respectively.
We now relate isometric solitons to self-similar solutions of the isometric flow.

Lemma 6.2.17. Let @y be a G structure on M with g,, = go, let ¢ € {—1,0,1}, and let
X be a vector field such that

Lx g0 = cgo,
1 (6.2.25)
divg, Ty = —3 curl,, X + X7,

That is, (vo, Xo,¢) is an isometric soliton.

o [fc=1,lett <0 andlet fy : M — M be a 1-parameter family of diffeomorphisms

such that
0 1
aft = —gX o ft,
Jo1=idp .
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Then ,

p(t) = [t fivo
is a self-similar solution of the isometric flow, with p(—1) = @o. Moreover, (o(t), [t|71X)
satisfies

Li-1x90 = |t| " g0,
: 1 _ _
divg, Ty = D) curlyq) (871 X) + (#7'X) 2 Ty

Ifc=0, lett € R and let f; : M — M be a 1-parameter family of diffeomorphisms
such that

d
%ft =Xof
fo=1dy .
Then
o(t) = fiwo

is a self-similar solution of the isometric flow, with p(0) = po. Moreover, (p(t), [t| ™' X)
satisfies

£|t|—1X90 =0,
. 1
divg, Ty = —5 curlyy X + X T, ).

If c=—1,lett >0 and let f; : M — M be a 1-parameter family of diffeomorphisms
such that

d 1
Eft = ZX o fi,
fi=ida.

Then \

p(t) = [t [ po
is a self-similar solution of the isometric flow, with (1) = @o. Moreover, (p(t), [t| 7' X)
satisfies

Liy-1x90 = —[t| " go,
. 1 - -
leg0 Tsﬂ(t) = —5 Cul"Lp(t) (|t| 1X) + (|t| 1X)_1 Tsﬁ(t)‘
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In particular, the vector fields X (t) in Lemma 6.2.15 are |[t|™'X or X, in the shrink-
ing/expanding or steady case respectively.

Proof. We only prove the case ¢ = 1, t < 0, since the other cases are similar. In this case
we have

0
af:%po = _ft*<£t—1X900>a
0
aft*go = _ft*<£t—1X90)'

Now g(t) = |t| [ go satisfies

9 9(6) = ~F g0 — 115y (£i-+x50)

=—f{90+ [{90=0.
Moreover, if o(t) = |t|2 fpo then

0 31 ., 30 ,,
agp(t) = _§|t‘ i 900“"75’ &ft ®o

(1) + [t]2 f; (Lx o).

BT

Using (6.2.21), (6.2.3) and Lxg = g from (6.2.25), we get

0 3 ! 1
g (t) = —M@(t) + [t|2 f} <§£Xg<><po + (- 5 curlgy X + X Ty,) wo)
3 s 1
= —mw(t) + [t]2 f; (5900 + (- 5 curly,y X + X T%)_H/Jo)

3 3 1 1
= —gg#0) + g0 + (= 5 curl, X + X T50) 535,

From the hypothesis (6.2.25) and the rescaling Lemma 6.2.13 we thus obtain

0

52 = 113 £7 (div Ty, 2 0)

= div T«p(t)—‘ ZD(t)

We conclude that ¢(t) is a self-similar isometric flow, with ¢(—1) = ¢y.
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Finally, again by Lemma 6.2.13 and the hypothesis (6.2.25) we have
divgo Tory = diVitifroo Ty pu

= \tI*%ft*(dngo T«po)

1
:m%ﬁ(—éammx+an0

(6.2.26)
1
— 027 (~geunla X + 07X
1 —1y |4|-1 —1y |4|-1
= =5 cutloo ()t X) + ((F7)t]7X) 0 T
We observe that 5
a(ffl)*X = (fi s (Lyy1xX) =0,
hence (f; 1).X = X for all t < 0. This, together with (6.2.26), gives that
: 1 _ _
divg, Tor) = —5 curlo ([t 7X) + (|67 X) 2 T,
completing the proof. O

Remark 6.2.18. If M is compact then every steady soliton in fact satisfies
divT = 0.

This is because (t) = f; o satisfies E(¢(t)) = E(yo) for all ¢, and therefore by Proposi-
tion 6.2.5 we have p

LB = —/ | div T2, = 0.
i "

It is unclear if there exist any nontrivial expanding or shrinking solitons in the compact
case. This is an important question for future study.

We now restrict to the special case when M = R” and ¢ = gguq-

Proposition 6.2.19. Let (¢,Y,c) be a soliton for the isometric flow on R with the Eu-
clidean metric ggya. ThenY = Sx + Yy, where v = x aii is the position (radial) vector
field on RT and Yy is a Killing vector field on (R7, ggua). That is, Yy induces an isometry

of Euclidean space.
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Proof. In terms of the global coordinates x!,..., 2" on R7, the equation Ly grud = CGruc
becomes 0;Y; + 0;Y; = cd;;. It is straightforward to verify that the only solutions are
Y, = ng + aijxj + b; where a;; is skew-symmetric. Thus Y, = aijxj% + bi% generates a
rigid motion of (R”, ggue)- O

A special class of solitons on (R”, ggua) are those for which Yy = 0. In this case, we
have Y = 7 = %Zaii, so (curlY),, = %Via:jgpijm = %@jgpijm = 0. Hence, by Lemma 6.2.17
the special class of isometric shrinking solitons (¢,Y) on (R”, ggua) for which Yy = 0 are

precisely those ¢ which satisfy the equation
divT = gJT. (6.2.27)

The particular special case of shrinking isometric solitons of the form (6.2.27) arises in
Theorem 6.4.2 when we prove the almost monotonicity formula for the quantity ©.

It would be interesting to investigate whether any nontrivial examples of this special
type of isometric soliton on R7 actually exist. One would need to solve the underdetermined
equations (6.2.27) on R” under the additional constraint that g, = grua. Such solitons are
important in the study of Type I singularities for the isometric flow. See Theorem 6.4.9
for more details.

6.3 Derivative estimates, blow-up time, and compact-
ness

In this section we first derive the global and local derivative estimates for the torsion 7" (also
known as Bando—Bernstein—Shi estimates) for the flow. We prove a doubling time estimate
for the torsion (Proposition 6.3.2), under the isometric flow which demonstrates that the
assumption of a torsion bound is reasonable. Using the derivative estimates, in §6.3.3, we
prove that any solution of the isometric flow exists as long as the torsion remains bounded,
and we obtain a lower bound for the blow-up rate of the torsion. Finally, in §6.3.4 we prove
a Cheeger—Gromov type compactness theorem for the solutions of the isometric flow.

6.3.1 Global derivative estimates of torsion

Let (M7, ) be a compact manifold with Gy-structure and consider the evolution of ¢ by
the isometric flow (6.2.8)
dp

BT divT 1.
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We first determine the evolution of the torsion under the flow (6.2.8).

Lemma 6.3.1. Let ¢(t) be an isometric flow on M. Then the torsion evolves by

0T,
ot

= ATy, — Vil Tia@ang + F (e, T, Rm, VRm) (6.3.1)
where

1
F(@u T7 Rma vI%In)pq = vaRbpgpabq + Ripqmﬂm - éRipabﬂm¢mabq - Rmemq' (632)

Proof. Recall from (3.1.16) that for a general flow of Ga-structures

dp
X _p X
ot o+ Xy
we have
0T,
o Toihig + T Xiwriqg + Vihippria + VX,

Hence for (6.2.8), where h = 0 and X = div T, we get

T, . :
a;q = Tp(div T) g prig + V,(div T),
= TpuViTikprg + VypViliy. (6.3.3)

We first compute AT),. Using the Go-Bianchi identity (2.4.1) and the fact that T;,7T;,, is
symmetric in a, m, we get

1
Vz'viqu = Vz(vp,-rzq + T;anb%Dabq + §Rz‘pab90abq)
= Vivpﬂq + vi,TianbSOabq + ,TiaviprQOabq + 71ioLj})br-Fim77Z}mabq
1 1
+ éviRipabgpabq + §RipabT'imwmabq

1 1
- Viva‘iq + ViT;anbSDabq + ,I;aviprSDabq + §Vz'Rabip90abq + §Ripabﬂm¢mabq~
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Applying the Riemannian second Bianchi identity to the fourth term above, we get
ViVilyy = ViV Tlig + Vil Topavg + Tia Vil ppPabg + %(_vaRbiip — Vi Riaip) Pabq
+ %Ripabﬂm¢mabq
= ViV, Tia + ViTuTsasa + TaViTppasg + 5(VoRap — VaRig)
+ %Rz‘pabTim%Umabq
= ViV, T+ ViTuTasg + TV Ty — VeFopfutn + 5 Rigas Tt

Commuting covariant derivatives for the first term above with the Ricci identity (1.1.1),
we get

ATPQ = vaiTiq + Rmemq - Rz’pquim + ViTianbSDabq + TiaviprSpabq

1 (6.3.4)
- va}%bp(pabq + §Ripabfrim¢mabq-

Combining equations (6.3.4) and (6.3.3), we deduce that

s o ATy~ VT Tipusg + VaRipusg + RipgnTin — 5 RegaTontmata ~ RonTog
(6.3.5)
as claimed. O
We write equation (6.3.5) schematically as
%TZAT+VT*T*gO—l—VRm*gO—i—Rm*T—i—Rm*T*zp. (6.3.6)
For a solution ¢(t) of the isometric flow (6.2.8), define
T(t) = sbp |T(x,1)] (6.3.7)

where T'(t) is the torsion of ¢(t). We next prove a doubling time estimate for the quantity
T (t), which roughly says that 7 (¢) cannot blow up too quickly and therefore the assumption
that |T'| is bounded for a short time is a reasonable one. Note that if 7(0) = 0, then ¢(0)
is torsion-free, and does not flow under (6.2.8). Thus in the following proposition we can
assume that 7(0) > 0.
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Proposition 6.3.2 (Doubling-time estimate). Let ¢(t) be a solution to (6.2.8) on a com-
pact T-manifold M for t € [0,7]. Then there exists § > 0 such that

T(t) <27(0) forall0<t<y.

Moreover, § satisfies § < min{r, %(0)2} for some C' > 0.

Proof. If |T| <1 at time 0, then by continuity we have |T| < 1+ ¢ for some small ¢ for
0<t<§ <7, andsince 1 + ¢ < 2, the assertion holds. Thus we can assume that |T'| > 1
at time 0, and thus by continuity we can assume that |T'| > 1 for all 0 < ¢ < ¢’ for some
0<d <.

We first compute a differential inequality for 7 (¢) and then use the maximum principle.
Since the metric is not evolving under (6.2.8), we have

0 0 - o1,
ZITI1?2 = Z(T..T.. g ¢’ = 2T Pq
so using (6.3.6), we obtain
0 0
—|T]?=2(T, =T
< AT =2IVT|* + C|VT||T)? + C|VRm||T| + C|Rm||T|? (6.3.8)

where C' is a constant. Now since the metric is not evolving and M is compact, both |[Rm)|
and |VRm| are bounded by some constant which we still call C. Thus we have

)
a|T|2 < A|T|]? = 2[VT|* + C|VT||T)? + C|T| + C|T|. (6.3.9)

Notice from (6.3.5) that the third term in (6.3.9) is due to the T (VT % T * ¢) term.
We need to estimate this term by using the explicit expression for VT x T x ¢ rather than
the schematic expression. Using the skew-symmetry of ¢g, in @, ¢ and the Go-Bianchi
identity (2.4.1), we have

1
quvipranabq = §Tpf1(vipr - vpﬂb)ﬂagpabq

1

1
= équ<T%mTpn(10mnb + §Ripmn90mnb)nagpabqa

and hence (6.3.9) becomes

)
a|T|2 < A|TP? = 2|VTP? +C|T|* + C|T| + C|T%. (6.3.10)
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Since we have |T| > 1 for all 0 < ¢ < ¢, we have |T| < |T)* and |T)* < |T|* and
hence (6.3.10) becomes

%|T|2 < AIT]? = 2|VT]* + C|T|*. (6.3.11)

Recall that T (¢) = sup |T'(z,t)| is a Lipschitz function, so applying the maximum principle
M
to (6.3.11), we get
d C
T < 73
dtT -2 T
in the sense of the lim sup of forward difference quotients. Thus we have T’?’%T < %
Integrating the inequality above from 0 to ¢t we deduce that

7)< 0

= /1-CT(0)
3

and hence T (t) < 27(0) for all 0 < ¢ < 4 if we take 6 = min {5/7 407-(0)2}' -

(6.3.12)

Next we derive the Shi-type estimates for the flow in (6.2.8).

Theorem 6.3.3. Suppose that K > 0 is a constant and (t) is a solution to the isometric
flow on a closed manifold M" with t € |0, %] For all m € N, there exists a constant C,
depending only on (M, g) such that if

T < K and [V/Rm| < B;K*™ for all j >0 on M" x [0, 2], (6.3.13)

then for all t € [0, 75| we have

IV"T| < Cput™ 2 K. (6.3.14)

Before we give the proof of Theorem 6.3.3, we remark that the form of the assumed
bounds on V/Rm in (6.3.13) is precisely as required by the rescaling properties of the
curvature in equation (6.2.20).

Proof of Theorem 6.3.3. Since the proof is quite long, we first summarize the strategy of
the proof. The proof is by induction on m. We first define a function f,,(z,t) (see (6.3.36)
for the precise expression) for each m, just as in the case of Ricci flow, which satisfies a
parabolic differential inequality, and then we use the maximum principle.
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For m =1 case, we define
f=tVT]*+ B8|T| (6.3.15)
where (3 is a constant to be determined later. Note that f(z,0) < 8K?2. To calculate the
evolution of f, we first need to calculate the evolution of |VT'|2.

Because the metric is not evolving, by differentiating (6.3.6) we have that

%VT—V(AT—FVT*T*QO—FVRIH*go—i-Rm*T—l—Rm*T*'(ﬁ)

= VAT +V(VT * T % p) + V*Rm * ¢ + VRm * Vo + VRm * T + Rm * VT
+VRm*T 1 +Rmx VT x¢+Rmx*T * Vi

= AVT +V(VT * T % p) + V*Rm * ¢ + VRm * Vo + VRm * T + Rm % VT
+VRBRm*«T x¢Y+Rmx*« VT ¢+ RmxT x Vi)

where we have used the Ricci identity in the last equality. Thus we have

%]VT\Z :2<VT,%VT> = VT % (AVT+V(VT*T*¢)—l—VQRm*go—l—VRm*Vgo
+VRm T +Rm* VI'+ VRm * T ¢ + Rm * VT 9
+Rm*T*w>

= AIVT]? = 2[V?T? + V(VT T % ) * VT + VT % V*Rm * ¢
+VRm*« Vo« VI + VRm T « VT + Rm x VT « VT

+VRm*T x1)« VI'+ Rm * VI« VT %
+Rm * T % Vi x VT. (6.3.16)

From (2.3.1) and (2.3.3) we have
Vo=T=xv¢, Vi=Txgp

and hence
V| < CK, VY| < CK. (6.3.17)

Using (6.3.17) and the hypotheses (6.3.13) of the theorem, the estimate (6.3.16) becomes

)
a|VT|2 < AIVTP? = 2|V2T ) + C|V*T||T||VT| + C|VT|? + C|VNT AT

+ C|VT||V*Rm| 4+ C|VRm||V¢||VT| + C|VRm||T||VT| 4+ C|Rm||VT|?
+ C|Rm||T|[Vo[[VT]
< AIVT]? = 2[V2T|? + CK|V?T||VT| + C|VT|* + CK*|VT|* + C|VT|K*
(6.3.18)
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for some constant C' depending only on the dimension and the order of the derivative.
Consider the third term in the right hand side of the inequality (6.3.18). By Young’s
inequality, for all € > 0, we have

1
2K|V*T||VT| < =K*VT|* +¢|V*T|.
£
Substituting this into (6.3.18) gives

%WT!Q < AIVTE - (2 — Co)|V2T + CKYVT| + CKAVTE + C|VTP.  (6.3.19)

We pause here for an important remark. In the Shi-type estimates for the Laplacian
flow of Lotay—Wei [LW17|, they assume a bound on |VT|. In contrast, we only assume a
bound on |7T'|, not |VT|. This remark has the following consequence. It turns out that the
third and fourth terms in (6.3.19) can be dealt with easily, which we do below. However,
the presence of the |[VT|? term on the right hand side of (6.3.19) would cause problems in
trying to apply the maximum principle to the function f and cannot be dealt with easily,
so we have to work harder. Notice from (6.3.16) that the |VT|* term comes from the
VT « V(VT T x ) term. We get rid of the problematic term by considering the explicit
expression for VT'« V (VT T x ) rather than the schematic one, and using the Go-Bianchi
identity (2.4.1) to get a lower order term. Specifically, the expression for VT % T * ¢ is
Vil TiaPabg- SO we have

VT * V(VT * T % (p) == Vijqu (Vz’pr,—Z—%aﬁpabq)
= vapqvjviprﬂa()@abq + VijqViprVijgpabq
+ vapqviprnangpabq'
Since the first and the last term in the above equation do not cause any problems in (6.3.19),

we focus on the second term. Using the fact that ¢u, is skew-symmetric in a, ¢, and the
Go-Bianchi identity (2.4.1), we have

1
ViTpgVilppVjTiaPang = §VijqVﬂ?a(Vz’pr -V Tit) Pabg
1 1
= §VJTPQVJEG(EmTpTL¢mnb _'_ §Ripmn§0mnb)90abq‘ (6320)

Thus from (6.3.19) and (6.3.20) and using Young’s inequality as before we get
0
§|VT|2 < A|VT)? — (2 - Ce)|VT|? + CK*VT| + CK*|VT)?. (6.3.21)
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Hence, with a suitably chosen ¢ we have
0
E\VTF < AIVT]? + CK*NT|? + CK*|VT|. (6.3.22)

From (6.3.8) and (6.3.22), we get

) < Af+t(CKYVT|+ CK*VTP)

ot
+ B(=2|VT)? + C|VT||T|* + C|[VRm||T| 4+ C|Rm||T|?).

Using the hypotheses that 7 = sup T'(z,t) < K, [V Rm| < K?™ and tK? < 1, and
M

using Young’s inequality on the |VT||T|? term, the above inequality becomes

% < Af+CK)VT|+ C|VT)? — (2 —¢)B|VT|* + CBK*™.

Using Young’s inequality again on the second term above we get

W< af+(C—@-op)VIP+ OBK*

Now choose 3 large enough so that C'— (2 —€)5 < 0, so we have

of 4
5 < Af+OPK

From (6.3.15) we have f(x,0) < K2 Thus, applying the maximum principle to the above
inequality and using tK? < 1, we get

sup f(x,t) < BK* +CBtK* < CK*. (6.3.23)

zeM

From the definition (6.3.15) of f, we conclude that
IVT| < CKt 2

and thus the base case of the induction is complete.

Next we prove the estimate for m > 2 by induction. Suppose |VIT| < C;K =% holds
for all 1 < j < m. Looking at the definition of f,, in (6.3.36) below, it is clear that we need
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to first determine the evolution equation for [V™T'|%. Since the metric is not evolving, by
differentiating (6.3.6) we have that

%VmT:VW(AT+VT*T*gp+VRm*gp—|—Rm*T+Rm*T*¢)

=V"AT + V™(VT T x p) + Z V" Rm « Vi

1=0

+) VT« V'Rm+ Y V" (Rm«T) V',

=0 i=0

Using the identity (1.1.2) with S = T', we can write the above equation as

0 o » »
5 VT = AV + > VT« V'R 4 V(VT + T = @)
i=0
+ Z V" Rm « Vip + Z V™ H(Rm * T) * V1. (6.3.24)
i=0 1=0
Thus we find that
ot B T Ot N
i=0
+ VT« V™(VT T x )
+ Z VT V™ Rm * Vig
i=0
+Y VT VT (Rmx T) * Ve, (6.3.25)
i=0

Using the induction hypothesis, we estimate each term in (6.3.25) as follows.

Consider the third term >/, VT * V™ T« V'Rm. When i = 0 we get

|V™T % V™T % Rm| < CK?|V™T|*.
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When 1 < i < m, using K2t < 1 and the induction hypothesis, we get
] SOV VT V’Rm‘ < CIv*T| Y [V T||V'Ru|
i=1 i=1

< VT Kt K
=1

< CK% % |V™T).

Thus the third term in (6.3.25) can be estimated as
( S VT« VT « VRm| < ORI VT + CK3VT TS (6.3.26)
i=0

For the moment we skip the fourth term in (6.3.25) and consider the fifth and sixth terms.
We need to first estimate the quantities Vi) and Vip. From (2.3.3) we have Vi = T * ¢,
and thus

V| < CK.

Schematically have
Vi =VTsp+T T 1

and hence 1 |
V2| < CVT| +|TP°) < C(Kt™2 + K*) = CK(17% + K).

Using the same equations again, we have
V3 =V2T s o+ VT« Txp + T+ TxT xp
and therefore
(V3| < C(IV?T| + |VT||T| + |T)?) < CK(t™ + Kt™% + K?).
Similarly, we have
V9 =V3T s o+ VT« T x ) + VT« VT ) + VT « T+ Tx o+ T«T+«TxT x1)
thus yielding, using the induction hypothesis, that
Vi < C(IVPT| + [VT|T| + VTP + VT TP + |T]")

<SCK({t 2+ Kt + K2 + K¥).
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A straightforward induction argument which we omit then shows that for ¢ > 1 we have
Vgl <Y Kit'E (6.3.27)
j=1

Because ¢ is the Hodge star of ¥, and the Hodge star is both parallel and an isometry, we
deduce the same estimates for |[Viyp| for i > 1. That is, we have

Vigl <CY Kit's, (6.3.28)
j=1
Using the hypotheses (6.3.13) on |[V/Rm|, equation (6.3.28), and K*¢ < 1, the fifth term
in (6.3.25) can thus be estimated as

‘ SO VT £ VR« Vig| < ORIV S (6.3.29)

1=0

Next consider the expression V™~ ¢(Rm  T'), which is part of the sixth term of (6.3.25).
Using the induction hypothesis and [Rm| < K?, for i = 0 we get

V7 (R« T)| = | S V7R VIT| < CK29™T| 4+ CK* %
§=0
and for 1 <17 < m we get

|vm—i(Rm xT)| < ‘va—z‘—ij % VJ'T‘ < Cth@-

=0

Hence, using (6.3.27) and the above two estimates, we get

] S VT« VU (Rm o+ T) % vw‘ < CKYV™TP + CK3 V™ T|t—%

1=0

+CvrT Y (K%i(i_zm) Y Kt >
i=1 j=1
Using K2t < 1 on the above, the sixth term in (6.3.25) can be estimated as

‘ Y VT« V' R+ T) x V| < CKP[V"T* + CK VTt % (6.3.30)

1=0
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Finally we return to the fourth term in (6.3.25). We have
VT % V(YT % T % )| = ’va # SOV« V(T 5 ).
i=0

We break up the sum over ¢ into four terms: ¢ =0,7=1,1 < i <m, and i = m. Thus we
have

VT« V™ (VT T % )| < |[V™T * V" T + T x| + |[V™T * V"T % (VT % o+ T % T * 1))

m—1 %
+ ’VmT * Z VT & (Z VIT % ngo)‘
=2 =0

+ )va F VT3 VT« Vip
i=0

Using the induction hypothesis and equation (6.3.28) on the above, the fourth term in (6.3.25)
can be estimated as

VT « V™(VT T % )| < CK|N™T||N™ ' T| + CKt 2|V T + CK*|N™T|?

. (m—+1)

+ CK* =2 |[V™T). (6.3.31)

Combining the estimates (6.3.26), (6.3.29), (6.3.30), and (6.3.31), equation (6.3.25) thus
becomes

%yvaﬁ < AV'T)? = 2]V™HIT)? + CK?*|V™T|> + CK|V™ ' T||V™T)|

(m+1)

+ CKY|V™T|t™% + CKt 2|V T+ CK* "2 |[V"T|.  (6.3.32)

Using Young’s inequality for the fourth term in (6.3.32), we know that for any ¢ > 0
we have

m+1 m K2 m 2 € m+1 2
K|V ||V T| < S [V T + S|V T

and hence
) C
VTP < AT - (2 75)|vm+1T\2 + CKYV T
+ CRP|V™T[% + Kt 3|V T2 + CK* "2 |V™T|. (6.3.33)
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Hence for suitably chosen e, we deduce that

a m
ayvaP < AVPTE — |V HTP + CK? V™ T? + CK3|V™T|t 2

_ (m+1)

+ CKt 2 |V"T]? + CK* 2 |[V™T). (6.3.34)

The derivation of (6.3.34) in fact holds for m replaced by m — k for any 1 < k < m — 1.
That is, we also have

a m—
§|vm—kT|2 S A|Vm_kT|2 o |vm+1—kT|2 + CKQ'vm—kT|2 + CK3|Vm_kT|t_Tk

(m+

217]6) |vm—kT|

+ CKE 2|V T2 4 CK

for 1 < k < m—1. Using the induction hypothesis that (6.3.14) holds for all 1 < k < m—1,
the above inequality becomes

0
awm—m? < A|V™RTE — (WA T2 4 KR O meR)(6.3.35)
for all £ < m. We emphasize here that we needed to use the induction hypothesis to get

our simplified evolution inequality (6.3.35) when 1 < k <m — 1.

With these computations in hand, we define

fuo =" \NTP 4 B > agt™ VT (6.3.36)

k=1

for some positive constants /3, to be chosen later, where o' = %
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Using (6.3.34) and (6.3.35) we compute that

0

m 0 0

m—km|2
ot 8t|v d
k=1

fm:

+ B > _(m — k)t VAT

< ¢m (A|vm:r|2 — VTR + KV T 4+ CK3|V™ Tt~ %

)

+mt" VTP 4 B > (m = k)t VTP
k=1

+ CKt 2 VT + CK?

+ﬁmz@mtm k A‘vmfkT|2 ‘Vm+1 kT|2+CK4 (m—k) +CK3t Qt (m— k))

Observe that in the first summation above, the term for k& = m vanishes. We reindex the
second term in the last line above to sum from &£ = 0 to k = m — 1, and throw away the
negative term corresponding to £ = 0. Collecting terms, the above then becomes

%fm < Afp + (CK*™ + mt™ L BN |V TR + OK VTt

m—1
+ CK T VT + B Y ((m = k)af — aff )t v h T2
k=1

+ OB Y ol (K* + K*73).

Using Young’s inequality on the third and the fourth terms above, we have
CK3V™T|t? < CK*+ CK*|V™T)*t™

and -
CK?* = |[V™T| < Ct"™ ' \V"T|> + CK*,

and hence we obtain

—1) +Ctm_1— L Ttm 1)’va’2

%fm < Afp + (CKH™ 4 mt™ !

+ B 3 (m = ) = o))" VTR 4+ O 3 a (K4 K3,
N k=1
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Now we choose f3,, sufficiently large and use the fact that (m — k)aj® — aj,; = 0 for
1 <k <m—1 to deduce that

%fm < Afy+CK*+ CK% 3. (6.3.37)

Since m > 1, from the definition (6.3.36) of f,, we have that f,,(0) = B,a™|T)* <
Brma™K?, so applying the maximum principle to (6.3.37) and using K2t < 1 gives

SUp fon (2, 1) < Ba™K* + CK*t + CK%t7 < CK?.

zeM

From the definition (6.3.36) of f,,, we finally conclude that
IV"T| < CKt™ 7,
and the inductive step is complete. O

One of our goals is to study the long-time existence of the flow. We seek a criterion that
characterizes the blow-up time for the flow. This will be established in Theorem 6.3.8 later.
In order to prove Theorem 6.3.8 later, we require the following corollary to Theorem 6.3.3,
whose proof is an adaptation of the argument in the case of Ricci flow, and can be found

in [CK04, §6.7].

Corollary 6.3.4. Let (M",¢(t)) be a solution to the isometric flow. Suppose there exists
K > 0 such that
T(z,t)|, <K  forallze M andt € [0,7],

where T > 75 and |VIRm| < C;K*% for all j > 0. Then for all m € N there exists a
constant C,, depending only on (M, g) such that

V" (z,t)], < C K™ forallz € M and t € [35,7]. (6.3.38)
Proof. Fix ty € [%, T] and let 79 = tg — % Let t =t — 79 and let ¢(f) solve the Cauchy
problem
O 5(f) = divTa
- = d1
517 vT 1,
?(0) = ¢(70).
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Then by the uniqueness of solutions to the isometric flow given in Theorem 6.2.12, we
deduce that @(f) = ¢(t + 79) = @(t) for ¢ € [0, #]. So by the hypothesis on the solution
©(t), we have

IT(x,1)] < K for all z € M and t € [0, 255).

Applying Theorem 6.3.3 we have constants C,, depending only on m such that
T (@, B)| < Co KT 3

for all x € M and t € (0

Now when £ € [53, 75 then

K7 K2 . .
>0 K
so taking ¢ = 5, we find that
V™ (2, t0)] <22 C, K™ forall z € M.
Since tq € [%,7‘] was arbitrary, we obtain (6.3.38). O]

6.3.2 Local estimates of the torsion

In this section we prove the local estimates on the derivatives of the torsion. The proof is
similar to the local bounds on the higher derivatives of a solution of the harmonic map heat
flow by Grayson-Hamilton [GH96| and to the local derivative estimates of the curvature for
the Yang-Mills flow which was proved by Weinkove [Wei04]. We first define the parabolic
cylinder

P (z0,t0) = {(z,t) € M x R | d(x,0) < 1,tg — 7> <t < 1o}

We need the following lemma, which is proved in [GH96, Lemma 2.1]. We state the
particular version that is given in [Wei04, Lemma 2.1].

Lemma 6.3.5. Let M be a compact manifold and F be a smooth function on M x [0,00).
Let xg € M and tg > 0. There exists a constant s > 0 and for every v < 1 a constant C.,
such that the following holds. Let r < s. If at any point in the parabolic cylinder P.(xo,to)

for which F > 0, we have

oF < AF — F?,
ot
then

P

on the smaller parabolic cylinder P, (xg,1o).
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Remark 6.3.6. From the proof of [GH96, Lemma 2.1| we deduce that Lemma 6.3.5 in fact
also holds when M is complete, noncompact, with bounded geometry. That is, we require
that there are D,, < +oo for m > 0, and 75 > 0 such that

IV"Rm| < D,,  in M,
inj(M, g) > iop.

This observation is used for the noncompact case of the almost monotonicity of ©. See
[DGK19, §5| for more details.

We now state and prove the local estimates for the derivatives of the torsion.

Theorem 6.3.7. Let o(t) be a solution to the isometric flow on M". Letxg € M andty > 0
such that ¢(t) is defined at least up to time ty. There exists a constant s > 0 and constants
Cy for m > 1 such that the following holds. Whenever |T| < K and |V/Rm| < B;K**
for all 7 > 0 in some parabolic cylinder P,(xq,to) with r < s and K > 7%, then we have

V| < O K™ (6.3.39)
on the much smaller parabolic cylinder P (zo,to).

Proof. The proof is similar to the proof of Theorem 6.3.3 and is by induction on m. We
have already derived all the evolution equations required for the proof in §6.3.1. By the
discussion between the statement and the proof of Theorem 6.3.3, we can assume that
K >1.

We first prove the m = 1 case. Define the function
h = (8K” + |T|")|VT. (6.3.40)
Applying Young’s inequality to the third term of (6.3.21), we get
0
ayVT\z < A|VT)? = (2 - Ce)|V?T|* + CK?|VT|? + CK®. (6.3.41)

Now using (6.3.41) and (6.3.11), and the fact that |T'| < K, we find from (6.3.40) that

oh < (A|T)? = 2|VT|? + CKY|VT|?

ot =
+ (8K + TP AIVT]? — (2 — Ce)|[V?T|? + CK*|VT|* + CK®).  (6.3.42)
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Observe that
VIT]? = 2(T,VT) < 2|T||VT| < 2K|VT|

and similarly
VIVT]? = 2(VT,V*T) < 2|VT||V*T|.

Combining the above two estimates and Cauchy-Schwarz gives
(VITI?,VIVT]®) = —|VITP||VIVT | > —AK|VT"|V°T].
Using the above we compute directly from (6.3.40) that

Ah = (AT |VT)? + 8K? + [T)AIVT|> + 2(V|T |2, V|VT|?)
> (A|ITP)|VT]? + (8K* + |T))A|VT|? — 8K|VT|*|V*T. (6.3.43)

From (6.3.42) and (6.3.43) and |T| < K, we get

h
‘g—t < Ah = 2]VT|* + CKYVT? + (8K* 4+ |T|*)(—(2 — Ce)|V*T|* + CK*|VT|* + CK")
+ 8K|VT|?*|V*T|
< Ah—=2|VT|* + CKYVT|? — (2 — Ce)(8K* + |T|))|V*T|* + CK® + 8K|VT|?|V?T).
(6.3.44)

We want to use Young’s inequality on both the CK*|VT|?* and the 8K|VT|*|V*T| terms
above, so that the net amount of [VT|* terms that remain are still strictly negative and
the net amount of |[V2T'|? terms that remain are also negative and can be discarded. This
is a delicate balancing act. Explicitly, let 6,7 > 0 and write
co C
CKYVT]* < 7|VT|4 + 2—5K8,

4
SK|VT|*|V*T| < —K?|VT|* + 44| V*T .
v

Then (6.3.44) becomes

h 5
O < ah =201+ LV SRS~ (2 - Co) (8K 4 [TV 4 O
4
+ ;K2|VT|4 +49|V2T|?
C5 | AK? )
<Ah+(-2+ — + T) VT + (47 = (2= C2) 8K + |TP)) V2T + CK®,

103



We want to ensure that

§  4K? 1
o o 1 and 4y —(2—Ce)(8K*+|T*) < 0. (6.3.45)

—2
Tt >

The second inequality in (6.3.45) is satisfied if we choose
v < (2-Ce)2K> (6.3.46)

Then, assuming C'§ < 3, the first inequality in (6.3.45) and (6.3.46) can be combined to
yield
SK?
3—-C6
It is clear that if o and € are chosen sufficiently small then v will exit satisfying the above
condition.

<7y < (2-Ce)2K?

With these choices of €, 7, and §, we can discard the |V2T'|* term (which now has a
negative coefficient), and we are left with

1
% < Ah— 5|VT|4 + OK®. (6.3.47)

From (6.3.40) and |T'| < K, we have h < 9K?|VT|? so (6.3.47) finally becomes

oh h?
< AR —
at — h CK*
Now define, for the same constant C' as above, the function

h
CK*

+CK®. (6.3.48)

F =

— K2 (6.3.49)

We compute using (6.3.49) and (6.3.48) that

oF 1 h?

< — 8

or = o AT g TOR)
=AF - (F+ K??+ K*

< AF — F?, (6.3.50)

Let (z,t) € P.(xo,to). If F(z,t) < 0, then by the definition of F' in (6.3.49) we have
IVT|*? < $K* < CK* at such a point. If F(z,t) > 0, then since (6.3.50) holds, by
Lemma 6.3.5 with v = % we have
Gy

F<

<C,K on Pr(zo,t).
2
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Using the above, along with equation (6.3.49) and our assumption that K > 1, we deduce
that .
h < CK*C,K + K?) < CK®

and thus from (6.3.40) that

IVT| < CK?*  on Pr(z0,t),
2

which establishes the base case of the induction.

Now assume inductively that (6.3.39) holds for all & < m. We prove the theorem for
m. Choose B to be a constant such that

K"<B<CK™ and |V™'T|<B (6.3.51)

for some C' > 1. (We can take B = C,,,_; K™ if we take C,,,_1 > 1.) Using this B, define a
function h,, by
B = (8B 4 |V 1T |V™T|2. (6.3.52)

We estimate each term in the evolution (6.3.25) of |V™T|? using the induction hypothe-
sis (6.3.39) for k < m. For the third term on the right hand side of (6.3.25), we get

( S VT« VT % VIRm| < [V % VT % R + ‘ S VT« VT « ViRm
i=0 =1

< CK?|V"T|? + CK™3|V™T)| (6.3.53)

where we have used the hypothesis on |[V/Rm| and the induction hypothesis in the last
inequality. Note that following the same procedure that lead to (6.3.27) with assump-
tion (6.3.39) instead we get

Vip| <CK'" and |V < CK" (6.3.54)
Thus for the fourth term on the right hand side of (6.3.25) is
VT« V' (VT * T ) =Y V™ 5 V(T % ).
=0

We decompose the sum above into four parts, correspondingtoi =0,71=1,2 <i < m—1,

105



and ¢ = m. Then using (6.3.54) we compute

VT« V™ (NT T % )| = |V"T « V" T % T x | + |V T« VT 5 (VT % o + T + T % )|
m—1 7

+ )va # VT (S VT ngo)‘

=2

= =0

n )va « VT é VT % Vi

< CK|N™||V™ T |+ CK*V™T|* + CK™3|Vv™T|.

(6.3.55)
For the fifth term on the right hand side of (6.3.25), using (6.3.54) we have
VT % V™ Rm + Vip| < CK™ V™. (6.3.56)
Similarly, for the last term on the right hand side of (6.3.25) we have
i VT % V™ (Rm # T) * Vieh = i VT (mz V™ i Rm va) « Vi,
=0 i=0 =0

We split the double sum above into two parts, the first part corresponding to i = 0,7 =m
and the second part corresponding to the rest. Then using the hypothesis on |[V/Rm|, the
induction hypothesis, and (6.3.54) we have

) S OVIT « VU Rm« T) # V| < CK? VTP + K™V T, (6.3.57)

i=0

Substituting the estimates (6.3.53), (6.3.55), (6.3.56) and (6.3.57) into (6.3.25) we get
0
a|VmT|2 < AVTTP = 2]V T2 + CK |V T||V™ T + CK?V™T)? + CK™ 3 |V™T|.

Now we use Young’s inequality on the third term and the last term above to write

KQ|va|2 €‘Vm+1T‘2
2e + 2 ’
K2m+4 K2 VmT 2

K|V™T||V™T| <
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Substituting these into the expression for % V™T|? above gives
0
a\V’”T\Q < AIVTT2 = (2 — Co)|V™HIT)? + CK2 V™| + C K2+, (6.3.58)
The derivation of (6.3.58) in fact holds for m replaced by m — 1. That is, we also have

%W’"‘ITF < AVTTITE — (2= Co)|V™T)? + CKAV™ T2 + CK*™ 2,

Using the induction hypothesis, the above inequality becomes

%W"“TF < AIVIT? — (2 — Ce) VT + CK*™ 2, (6.3.59)

From (6.3.58) and (6.3.59) and the definition (6.3.52) of h,,, we have

0

5phm < (8B* + [V M) (AIV™T|? — (2 — Ce)|V™ T2 + CK*IV™T|? + CK* )

+ VT P(AIV™ TP — (2 — Ce)|[V™T|? + CK*™ ).

Using (6.3.51) and throwing away some but not all of the negative terms, this inequality
becomes

0

oyl < BB+ [V TP)AIV T + [V TPAV™ T — (2 - Ce)8 B[V TP

— (2= Co)|V™T|* + CK* 2|V T|? + CK*™. (6.3.60)
Observe that from the inductive hypothesis (6.3.39) for £ < m and (6.3.51) we have
VIV™ITP? = 2(v™ 1T, V"T) < 2|V™T||[V™T| < 2B|V™T|

and also that
VIV™T]? = 2(N™T,V"HT) < 2]V™T||[V™HT).

Combining the above two estimates and Cauchy-Schwarz gives
(VTP VMVTP) > =V TP [VIVTT | > —AB|V™ TPV T,
Using the above we compute directly from (6.3.52) that
Ahy, = (AIN™ITPA) VT + (8B% + V™ 'THA|V™T|? + 2(V|V™ T2, V|V™T|?)
> |VMTPPAIN™IT)? + (8B + |V T AIV™T > — 8B|IV™T |2 V™T'T|. (6.3.61)
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From (6.3.60) and (6.3.61) we get

th < Ahy, — (2 = Ce)8B* V™ T2 — (2 — Co)|V™T|* + CK*™ P2V T|> + CK*™

ot
+ 8B|V™T)?|V™HT.
Applying Young’s inequality on the final term we have

%hm < Ahy — (2 = Ce)8B* V™ T2 — (2 — Co)|V™T|* + CK*™ 2|V T|> + CK*™

4
+4B*5|V" TP + g‘va‘4-

Just as in the base case, we now have a delicate balancing act. We want to choose ¢ and
e above that the net amount of |[V™T|* terms that remain are still strictly negative and
the net amount of |[V™™T|? terms that remain are also negative and can be discarded.
Explicitly, we demand that

4 3
—(2 - Ce)8B% +4B%*) < 0, and —(2—-Ce) + 5<71

These can be rearranged to yield

16

5_4C€<5<4—205.

It is clear that if € is chosen sufficiently small then ¢ will exit satisfying the above condition.

With these choices of € and 9, we are left with

% < Ahy, — 2|V7”T|4 + CK*™ 2|V |2 + OK*™

Using Young’s inequality on the third term, the above becomes

oh 1

— < Ahyy, — =|V"T|* + CK*™ 4, (6.3.62)
ot 2

From (6.3.52) and |[V™'T| < B < CK™ in (6.3.51), we have h,, < CK*™|V™T|?
so (6.3.62) finally becomes

2

) h
Sphm < Ah,, — CT”;m + C K™, (6.3.63)
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As in the m =1 case, for the same constant C as above, define the function

P,
gim K. (6.3.64)

We compute using (6.3.64) and (6.3.63) that

F =

OF 1 h?
- < o m 4m+4
ot < i Bl = G T KT
=AF - (F+ K?*?+ K*
< AF — F?, (6.3.65)

Let (x,t) € P.(zo,tp). If F(x,t) < 0, then by the definition of F' in (6.3.64) and
K™ < B in (6.3.51) we have |[V"T]> < B2, < CK-2MK*™+2 = CK*"*? at such a
point. If F(z,t) > 0, then since (6.3.65) holds, by Lemma 6.3.5 with v = £ we have

C
F S T—; S CWK on P%(l’o,to).

Using the above, along with equation (6.3.64) and our assumption that K > 1, we deduce
that .
hm < CK'™(C,K + K?) < CK*™*?

and thus from (6.3.52) and K™ < B in (6.3.51) that

VT < CK™! on Pr (xg,tp),
2'771

which establishes the inductive step. [

6.3.3 Characterization of the blow-up time

Let M be a compact 7-manifold and let ¢y be a Go-structure on M. Then starting with ¢y,
there exists a unique solution ¢(t) of the isometric flow on a maximal time interval [0, 7)
where mazimal means that either 7 = oo or 7 < co. The case 7 < co means that there
does not exist any € > 0 such that ¢(t) is a solution of the isometric flow for t € [0, 7 + ¢)
with ¢(t) = ¢(t) for t € [0,7). We call 7 the singular time for the flow.

In this section, we use the global derivative estimates (6.3.14) to prove that the quantity
T (t) defined in (6.3.7) must blow up at a finite time singularity along the flow. Explicitly,
we prove the following result.
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Theorem 6.3.8. Let M7 be compact and let p(t) be a solution to the isometric flow (6.2.8)
in a mazximal time interval [0,7). If T < 0o, then T satisfies

lin 7(t) = oo (6.3.66)

and there is a lower bound on the blow-up rate of T (t) given by
Tt) > —— (6.3.67)

for some constant C' > 0.

Proof. We prove the contrapositive of the theorem. That is, we show that if 7 remains
bounded along a sequence of times approaching 7, then the solution can be extended past
7. Let ¢(t) be a solution to the isometric flow which exists on a maximal time interval
[0, 7]. We first prove by contradiction that

limsup 7 (t) = oo. (6.3.68)
t /T

Suppose that (6.3.68) does not hold, so there exists a constant K > 0 such that

sup T(t) = sup |T(z,t)|, < K. (6.3.69)

M x[0,7] M x[0,7]

Note that since the metric does not evolve along the flow, we use the metric g induced by
the initial Gy-structure. We have from (6.3.14) and (6.3.69) that

0 .
‘—(,0’ = |divT_y|, < OKt 3 (6.3.70)
ot™ g
for some uniform positive constant C'. For any 0 < t; < t, < 7, we have

9 |t < cx (VB - VA (6.3.71)

to
1

(ts) — ()], < /

which implies that ¢(t) converges to a 3-form ¢(7) continuously as ¢ — 7. Since p(t) is a
Go-structure, we know that for all ¢ € [0, 7) we have

g(u,v) vol, = —é(zu w(t)) A (vap(t)) A p(t) (6.3.72)
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where vol, is the volume form of g. Since g and vol;, do not change along the flow, as
t — 7 the left hand side of (6.3.72) tends to a positive definite 7-form valued bilinear form
and thus the limit 3-form is a positive 3-form and so is a Go-structure. Moreover from the
right hand side of (6.3.72) we see that the limit ¢(7) induces the same metric g. Thus, the
solution ¢(t) of the isometric flow can be extended continuously to the time interval [0, 7].
We now show that the extension is actually smooth, which gives our required contradiction.

We pause to prove the following.

Claim 6.3.9. For all m € N, there exist constants C,, such that

< C,.

g

V™o(t)

sup
Mx[0,7)

Proof of Claim 6.3.9. The proof is by induction on m. Form = 1, at any (z,t) € M x|[0,7),
we have 5 9

athp Vatgp =V(divTay) =V(divT) « ¢ +divT « T * ¢.

Here we are again using the fact that the metric does not evolve along the flow. We know
from (6.3.69) and Corollary 6.3.4 that both |V(divT)| < A and |divT| < A on the time
interval (7, 7) for some A = A(m, K). Since [V (div T)| and | div 7’| are bounded on [0
by some constant B = B(K) we get that

, %)

(atw‘ < max (CA,CB) = C,

and thus by integration we have

0 ~
ano(t)‘dt < |Vy(0)|, + Cr < C)

V), < [Vel(0)], + / '

because 7 < 0o. (This is where we crucially use that the maximal existence time is finite.)
We have thus established the m = 1 case of the claim.

For the general case of the claim, we have

m — m < ml (2 3.
‘&v w‘ V™ (div To )], CZ\V (div T)|[ V<)), (6.3.73)

By the induction hypothesis, we may assume that ‘%Vpgo‘ and hence |VP(divT )| has
been estimated for all 0 < p < m. Since Vi) contains Vi~!T as the highest order term,
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we just need to estimate the |V (div7T)| term. But again it follows from (6.3.69) and
Corollary 6.3.4 that [V™(divT)| < A for some A = A(m, K) on (35, 7) and |[V™(divT)| <

B for some B(m, K) on [0, %;]. Thus from (6.3.73) we get that

el

<C, (6.3.74)

g

57

and the inductive step now follows from (6.3.74) by integration. This completes the proof
of Claim 6.3.9. O

We now return to the proof of Theorem 6.3.8. Let U be the domain of a fixed local
coordinate chart. We know that ¢(7) is a continuous limit of Ge-structures and in U it
satisfies

pi(7) = pualt) + / (div () 0(5)) eds. (6.3.75)

Let a = (ay, ..., a,) be any multi-index with |a| = a3 + -+ 4+ a, = m € N. We know from
Claim 6.3.9 and (6.3.74) that

o™ am
@@i]’k and @(le T_l Z/J)Z]k

are uniformly bounded on U x [0, 7). So from (6.3.75) we have that 2= ;;x(7) is bounded
on U and hence ¢(7) is a smooth Gy-structure. Moreover, from (6.3.75) we have

o o
e Piik(T) = 52 in(t)| < C(r =)
and thus ¢(t) — ¢(7) uniformly in any C™ norm as t — 7, for m > 2.
)

Now, since ¢(7) is smooth, Theorem 6.2.12 gives a solution ¢(t) of the isometric flow
with ¢(0) = ¢(7) for a short time 0 < ¢ < e. Since ¢(t) — ¢(7) smoothly as ¢t — 7, it
follows that

g&(t)z{(p(t) 0<t<r

plt—7) 7T<t<T+e¢

is a solution of the isometric flow which is smooth and satisfies ¢(0) = ¢(0). This contra-
dicts the maximality of 7. Thus we indeed have

lim sup 7 (t) = oo, (6.3.76)
t /T

which is equation (6.3.68). Thus, if lim; . T (t) exists, it must be oco.
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Next we show that in fact (6.3.66) is true. Suppose not. Then there exists Ky < oo
and a sequence of times t; /7 such that T (¢;) < K. By the doubling time estimate in
Proposition 6.3.2, we get that

T(t) <27 (t;) < 2K,
for all times ¢ € [t;, min{7, t; + z=}]. Since t; /' 7 as i — oo, there exists iy large enough
0
such that ¢;, + % > 7. (Here again we crucially use the fact that 7 is assumed to be finite.)
0
But this implies that
sup T (z,t) < 2K
M x [tio ,T]
which cannot happen as we have already shown above that this leads to a contradiction to
the maximality of 7. This completes the proof of (6.3.66).

To obtain the lower bound of the blow-up rate (6.3.67), we apply the maximum principle
to (6.3.11). We get

d 2 4
J () <CT(t
which implies that

d
%T(t)*2 > —C. (6.3.77)
Since we proved above that lim,_,, 7 (t) = oo, we have
. 2
%E}Tl T(t)=0.

Integrating (6.3.77) from ¢ to ¢y € (t,7) and taking the limit as to — 7, we get
1
Clr—t)
This completes the proof of Theorem 6.3.8. [

T(t) >

Combining Proposition 6.3.2 and Theorem 6.3.8, we deduce the following result about
the minimal existence time.

Corollary 6.3.10. Let ¢y be a Gy-structure on a compact T-manifold M with
T<K

for some constant K. Then the unique solution of the isometric flow with initial Go-
structure g exists at least for time t € [0 where C' is the uniform constant from
Proposition 6.5.2.

Yered
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6.3.4 Compactness

In this section, we prove a Cheeger-Gromov type compactness theorem for solutions to the
isometric flow for Go-structures. We also give a local version of the compactness theorem.
Recall the following definition from [LW17].

Definition 6.3.11. Let (M;, ¢;, p;) be a sequence of 7-manifolds with Go-structures ¢;
and p; € M; for each . Suppose the metric g; on M; associated to the Go-structure ¢; is
complete for each i. Let M be a 7-manifold with p € M and ¢ be a Go-structure on M.
We say that the sequence (M;, ¢;, p;) converges to (M, ¢, p) in the Cheeger—-Gromov sense
and write

(Mi, i,pi) = (M, p,p)  asi— o0

if there exists a sequence of compact subsets €; C M exhausting M with p € int(2;) for
each i, a sequence of diffecomorphisms F; : ; — F;(€;) C M; with F;(p) = p; such that

Fro,— @ as i — 00

in the sense that F[p; — ¢ and its covariant derivatives of all orders (with respect to any
fixed metric) converge uniformly to zero on every compact subset of M.

Lotay—Wei proved the following very general compactness theorem for Go-structures
in [LW17, Theorem 7.1].

Theorem 6.3.12. Let M; be a sequence of smooth 7T-manifolds and for each i we let p; € M;
and @; be a Go-structure on M; such that the metric g; on M; induced by p; is complete
on M;. Suppose that

[NIES

sup sup (|V§Z+1TZ(CL‘)|; + |V§Z_ngi (2)]2)? < o0 (6.3.78)

. 9i
i xEM,; ’

for all k > 0 and
inf inj(M;, gi, pi) > 0,

where T;, Rmy, are the torsion and the Riemann curvature tensor of ¢; and g; respectively
and inj(M;, g;, p;) denotes the injectivity radius of (M;, g;) at p;.

Then there exists a T-manifold M, a Go-structure ¢ on M and a point p € M such
that, after passing to a subsequence, we have

(M;, i, pi) = (M, ¢, p) as i — 00.
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The idea of the proof is to use Cheeger—Gromov compactness theorem [Ham95, Theorem
2.3] for complete pointed Riemannian manifolds to get a complete Riemannian 7-manifold
(M, g) and p € M such that, after passing to a subsequence

(M;, 9i,p:) = (M, g,p) as i — 00.

That is, there exist nested compact sets ; C M exhausting M with p € int(€);) for all
and diffeomorphisms F; : ; — F;(£;) C M; with F;(p) = p; such that F*g — g smoothly
as ¢ — oo on any compact subset of M. We then use the diffeomorphisms from the above
convergence to pull-back the Ga-structure to get Go-structures ¢; on €2; and using (6.3.78)
we show that covariant derivatives of all orders of ; are uniformly bounded. The Arzela—
Ascoli theorem [AH11, Corollary 9.14] then implies that there is a 3-form ¢ such that after
passing to a subsequence, ¢; — ¢ as ¢ — co. We then show that ¢ is a Go-structure and
it induces the metric g and hence we get that (M;, ¢;, p;) = (M, @,p) as i — 0.

We note that if all the metrics in the sequence (M;, p;, g;) are the same then the limiting
Go-structure ¢ induces the same metric.

We now state and prove the compactness theorem for the isometric flow of Go-structures.

Theorem 6.3.13. Let M; be a sequence of compact 7-manifolds and let p; € M; for each
i. Let ¢;(t) be a sequence of solutions to the isometric flow (6.2.8) for Ga-structures on
M; fort € (a,b), where —o0 < a <0 < b < oo. Suppose that

sup  sup |Ti(z,t)], < o0 (6.3.79)
i xeM;,te(a,b)

where T; denotes the torsion of p;(t), and the injectivity radius satisfies
irilf inj(M;, g;(0),p;) > 0. (6.3.80)
Suppose further that there are uniform constants Cy, for all k > 0, such that
sup IVFRm;|,, < Cy. (6.3.81)
Then there exists a T-manifold M, a point p € M and a solution ¢(t) of the flow (6.2.8)
on M fort € (a,b) such that, after passing to a subsequence,

(M;, i(t), pi) = (M, o(t),p) as i — oo.
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The proof is similar in spirit to the compactness theorem for the Ricci flow by Hamil-
ton [Ham95|. See also the compactness theorem for the Laplacian flow for closed Go-
structures by Lotay—Wei [LW17]. The idea is to show that the bounds on the Ga-structure
and on covariant derivatives and time derivatives of the Go-structure at time t = 0 extend
to bounds on the Ga-structures and covariant derivatives of the Go-structures at subsequent
times in the presence of bounds on the torsion and covariant derivatives of the torsion for
all time.

Proof of Theorem 6.3.13. From the derivative estimates (6.3.14), Corollary 6.3.4 and (6.3.79),
we have

Vo Tl )] < Cin. (6.3.82)

Since M; is compact for each i, we know |Rmny|,, is bounded. Assumption (6.3.80) allows us
to use Theorem 6.3.12 for ¢t = 0 to extract a subsequence of (M;, ¢;(0), p;) which converges
to a complete limit (M, ¢ (0),p). So there exist compact subsets Q; C M exhausting M
with p € int(Q;) for each ¢ and diffeomorphisms F; : Q; — F;(;) C M; with F;(p) = p;
such that F7¢;(0) = g(0) and F*¢;(0) = ¢ (0) smoothly on any compact subset 2 C M
as i — oo. Fix a compact subset Q X [¢,d] C M X (a,b) and let i be sufficiently large so
that Q C ;. Let g;(t) = Fg;(t). Now since ¢;(t) are all solutions to the isometric flow,
we have g;(t) = ¢;(0) for each . Thus we trivially have

Sup ’ng(O)gz( ) gi(0) = 0.

QX |e,d]

Since the limit metric g (0) is uniformly equivalent to g;(0), we get

S V100091 ()]gi(0) < Cimn
for some positive constants C,, and similarly
o
stlgd] 8tlv )9:(8) Goo (0) < Cmi

for some positive constants C,, .

Now let @;(t) = Fp;(t). Then @;(t) is a sequence of solutions of the isometric flow on
Q C M fort € [c,d]. Using (6.3.82) and proceeding in a similar way as in the proof of
Claim 6.3.9, we deduce that there exist constants C,,, independent of 7, such that

sup [V 0,10y < Con (6.3.83)
Qx|e,d]
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and since g;(0) and ¢(0) converge uniformly to g (0) and ¢ (0) with all their covariant
derivatives on €2, we have

sup [V 0)%i(0)]gu(0) < Crm- (6.3.84)
QxJe,d]

Moreover, because the time derivatives can be written in terms of the spatial derivatives
using the evolution equations of the isometric flow, we get for some uniform constants C,,, ;
that

o (1) C (6.3.85)

sup |7 Vo (0)@ilt < Cny. 3.
axfed 10t 9= 5 o)

It now follows from the Arzela—Ascoli theorem that there exists a subsequence of ¢;(t)
that converges smoothly on € X [¢,d]. A diagonal subsequence argument then produces a
subsequence that converges smoothly on any compact subset of M X (a,b) to a solution
Poo(t) of the isometric flow. O

The compactness theorem for the Ricci flow has natural applications in the analysis
of singularities of the Ricci flow. We would also like to have a similar application for
the isometric flow. The idea is to consider shorter and shorter time intervals leading up
to a singularity of the isometric flow and to rescale the solutions on each of these time
intervals to obtain solutions with uniformly bounded torsion. By doing this we hope that
the limiting manifold will tell us something about the nature of the singularity and more
information, such as whether the singularity is modelled on a soliton.

More precisely, suppose M is a compact manifold and let ¢(t) be a solution to the
isometric flow on a maximal time interval [0, 7) with 7 < co. Theorem 6.3.8 then implies
that 7 (¢) defined in (6.3.7) satisfies lim; », T () = co. Consider a sequence of points (z;, ;)
with t; 7 and

T(zi,t;) = sup  |T(z,t)|,.
€M, t€[0,t,]

Define a sequence of parabolic dilations of the isometric flow

and define
Toi (2, 1) = |Ti(z,1)] ;- (6.3.87)

If = 3y then, as explained in the proof of Lemma 6.2.13, we have
divT QZ = A divT .
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Hence, for each i, we have that (M, ¢;(t)) is a solution of the isometric flow (6.2.8) on the
time interval [—;T (z;,t;)%, (T —t;)T (24, t;)?]. Note that for each i and for all ¢ < 0 we have
T (i, t:)
by the definition of 7 (x;,¢;). Thus by the doubling time estimate Proposition 6.3.2 and
Corollary 6.3.10, there exists a uniform b > 0 such that

sup [Ty, (z,1)| =
M

sup sup |7y, (z,t)] <2
i Mx(ab)

for any a < 0. Thus, if we have inf;inj(M, g;(0),z;) > 0, then using the compactness
Theorem 6.3.13, we can extract a subsequence of (M, ;(t), z;) that converges to a solution
(Mso, poo(t), oo ) of the isometric flow.

Just as in the Ricci flow (see [CCGGIIKLLNO7, §3.1]), from the proof of the compact-
ness theorem for the isometric flow, we can prove a local version of Theorem 6.3.13 without
much difficulty.

Theorem 6.3.14 (Local compactness). Let {(M;, pi(t), z;) bien, xi € M; and t € (a,b) be
a sequence of compact pointed solutions of the isometric flow. If there exist p > 0, Cy < 00
independent of © such that

Tilg, < Co in By, (i, p) x (a,b)
and
inj,, (x;) > 0,
and if there exist uniform constants Cy, for all k > 0, such that

|Vkle|gz < C i B%’(miap) X (avb)a

then there exists a subsequence such that {(By,(xi, p), vi(t), z;) }ien converges as i — oo
to a pointed solution (Bso, Poo(t), Too), t € (a,b) of the isometric flow, smoothly on any
compact subset of By, X (a,b). Furthermore, By, is an open manifold and the metric goo(t)
of Yoo(t) is complete on the closed ball By (zo0, 1) for all m < p.

6.4 Summary of remaining results from [DGK19]

In this section we briefly summarize the remaining results from [DGK19|. These include
the following.
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(1) An Uhlenbeck-type trick which together with a modification of the underlying connec-
tion yields a nice reaction-diffusion equation for the torsion along the flow.

(2) Defining a quantity © for any solution of the flow and proving that it is almost mono-
tonic along the flow. We also prove an e-regularity result associated to ©.

(3) Inspired by work of Colding—Minicozzi in [CM12| and Boling—Kelleher—Streets on the
harmonic map heat flow [BKS17] and work of Kelleher—Streets on the Yang-Mills
flow [KS16| we define an entropy functional and use it to establish that, if we have
sufficiently small entropy, then we have long time existence and convergence of the flow
to a Ga-structure ¢, with small divergence-free torsion.

(4) When the entropy is not small the flow may develop singularities in finite time. How-
ever, we prove that we can only have singularities of co-dimension at least 2. Finally,
we prove that if the singularity is of Type-I then a sequence of blow-ups of the flow
has a subsequence that converges to a shrinking soliton of the flow.

We elaborate on (2), (3) and (4) below.

Given a complete Riemannian manifold (M, g) with bounded curvature and (x¢,ty) €
M x R, we denote by ) the kernel of the backwards heat equation on M starting with
0z, at time ty. Explicitly, for t € (—o0o, ) we have

0
—+A >u zoto) = U,
(at o) o) (6.4.1)
tggli Wzoto) = Oro-
We also define the smooth function f,, ) by the relation
_f(x ,tg)
— (6.4.2)

Ulgpte) = ———————7"
0T (g — 1)

Definition 6.4.1. Let (¢(t)):cio.4,) be an isometric flow on M inducing the metric g and
define

O (wo,t0) (P(1)) = (to — 1) /M Tty [P U, 0) VOLg - (6.4.3)

From the discussion in Section 6.2.3, it follows that the quantity © 4, 4, is invariant under
parabolic rescaling. In what follows we will simply write u for w, ).

119



One can think of © as a kind of “localized energy”, but we will not use this terminology.

An almost monotonicity formula for © 4, +,)(¢(t)) was proved in [DGK19, Theorem 5.3
which we state below.

Theorem 6.4.2 (Almost monotonicity formula). This theorem has two versions, as fol-
lows.

(1) Let (M7, g) be compact and let (p(t))ieor) be an isometric flow inducing the metric
g. Then for any xy € M and max{0,tg — 1} < 7 < 7o < 1o, there exist K1, Ky > 0
depending only on the geometry of (M, g) such that the following monotonicity formula
holds:

O aot0) (#(72)) < K1O(ug.10)(0(71)) + Ka(2 — 1) (E((0)) + 1). (6.4.4)

(2) Let (M, g) = (R7, ggua) and let (¢(t))icjo) be an isometric flow inducing ggua. Then
for any xo € R™ and 0 < 11 < 15 < tg we have strict monotonicity

®($0,t0) (90(7—2)) < @(mo,to) (90(7-1))

with equality if and only if for all t € [Ty, )

r — T

div Ty = g — 1)~ P

Remark 6.4.3. We note that in Theorem 6.4.2 (2), the case of equality corresponds to a
particular special type of shrinking isometric soliton on (R”, ggua), as described in (6.2.27).

The energy functional, although quite natural, has the disadvantage that it is not scale
invariant. As a result, it is not strong enough to control the small scale behaviour of a Go-
structure . In this section, motivated by analogous functionals for the mean curvature
flow [CM12|, the high dimensional Yang-Mills flow [KS16] and the harmonic map heat
flow |[BKS17|, we introduce an entropy functional, and use it and the almost monotonicity
formula above to establish an e-regularity result, as well as to prove long time existence
and convergence given small entropy.

Definition 6.4.4. Let (M, ¢) be a compact manifold with Go-structure inducing the Rie-
mannian metric g. Let ug(y,s) = uf, ,(y,s) denote the backwards heat kernel, with
respect to g, that becomes (.4 as s — t. For o > 0 we define

Mg, o) =  max {/|T| o (31,0) vol, (y )}. (6.4.5)

(z,t)eM x(0,0]



We call \(p, o) the entropy of (M, ). The precise value of o is not important, only that
o > 0. One should think of o as the “scale” at which we are analyzing the flow.

We prove the following e-regularity theorem in [DGK19, Theorem 5.7].

Theorem 6.4.5 (e-regularity). Given (M,g) compact and Ey < 400 there ezist €,p > 0
such that for every p € (0, p] there exist r € (0,p) and C < +oo such that the following
holds:

If (M, (1) )ecote) 15 an isometric flow with gou) = g and E(p(0)) < Ey, and if v € M
is such that

@(ivo,to)(90<t0 - PZ)) <e€
then
Ar(xv t>|Tap<x7 t)| S CT‘_l

in B(zo,7) X [to — 1%, to], where

A(z,t) = min (1 — 77 'dy(mo, z), /1 — 77 2(to — 1)).
The following long time existence theorem for the isometric flow is proved in [DGK19,
Theorem 5.15].

Theorem 6.4.6 (Low entropy convergence). Let (M7, ¢g) be a compact manifold with G-
structure inducing the metric g. Then, there exist constants Cj < +0oo depending only on
(M, g) such that for every small § > 0 and o > 0, there exists €(g,0,0) > 0 such that if

Ao, 0) <, (6.4.6)

then the isometric flow starting at pg exists for all time and converges smoothly to a Go-
structure p, satisfying

divT,. =0,
and
|va<Poo| S Ck?
forall k > 1.
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If the entropy A is not small then the low may develop finite time singularities. Fixing
the constants e, p > 0 of the e-regularity Theorem 6.4.5 we define the singular set

S={x€M:O04u(p(t—p*)>¢, forall pe (0,]}. (6.4.7)

The following theorem (cf. [DGK19, Theorem 5.18]) establishes an upper bound on the
“size” of the singular set S.

Theorem 6.4.7 (Singularity structure). Let @g be a Go-structure inducing the metric g
with

1
E(po) = 5 /M | Ty | voly < Ey (6.4.8)

and consider the maximal smooth isometric flow (¢(t))cjo,r) with p(0) = @o.

Suppose that T < +00. Then ast — 7 the flow converges smoothly to a Go-structure
v, outside a closed set S with finite 5-dimensional Hausdorff measure satisfying

H?(S) < CEy,

for some constant C' < oo depending on g. In particular the Hausdorff dimension of S is
at most 5.

Remark 6.4.8. Theorem 6.4.7 says that the singular set S is at most 5-dimensional.
It would be interesting to find a geometric interpretation of the singular set S in terms
of Gy geometry. If such a description exists, then it is likely that S would be at most
4-dimensional, as there are no distinguished 5-dimensional subspaces in Gy geometry.

Finally, we proved in [DGK19, Theorem 5.20] that if a singularity is of Type-I then a
sequence of blow-ups of the flow admits a subsequence that converges to a shrinking soliton
of the flow.

Theorem 6.4.9 (Type-I singularities). Let ¢y be a Go-structure inducing the metric g
on a compact T-manifold M, and consider the maximal smooth isometric flow (p(t))ieqo,r)
with p(0) = pg. Suppose that T < +o00 and the flow encounters a Type I singularity. That
18,

C
N s

Let x € M and p; N\, 0 and consider the rescaled sequence @;(t) = p; *p(T — p2t). Then,
after possibly passing to a subsequence, (M, p;(t),z) converges smoothly to an ancient iso-
metric flow (Yoo(t))i<o on (R, ggua) induced by a shrinking soliton. That is,

m]\?}X ‘T@(t) | <

divl, (z,t) = —2%4 T,...
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Moreover x € M\ S if and only if po(t) is the stationary flow induced by a torsion-free
Go-structure ooy on (R7, ggue)-

Remark 6.4.10. It is an interesting open problem whether there exist any nontrivial
shrinking solitons on the Euclidean R7. If there do not exist any such solitons, then
Theorem 6.4.9 would imply that no Type-I singularities can occur along the isometric
flow.
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