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ABSTRACT. In this paper we present some results on a family of geometric flows intro-
duced by J. P. Bourguignon in [3] that generalize the Ricci flow. For suitable values of
the scalar parameter involved in these flows, we prove short time existence and provide
curvature estimates. We also state some results on the associated solitons.

1. INTRODUCTION

In this paper we consider an n—dimensional, compact, smooth, Riemannian manifold
M (without boundary) whose metric g = ¢(t) is evolving according to the flow equation

)
579 = —2Ric+2pRg = —2(Ric — pRg) (1.1

where Ric is the Ricci tensor of the manifold, R its scalar curvature and p is a real con-
stant. This family of geometric flows contains, as a special case, the Ricci flow, setting
p = 0. Moreover, by a suitable rescaling in time, when p is nonpositive, they can be
seen as an interpolation between the Ricci flow and the Yamabe flow (see [4, 27, 30], for
instance), obtained as a limit when p — —oc.

It should be noticed that for special values of the constant p the tensor Ric — pRg
appearing on the right hand side of the evolution equation is of special interest, in par-
ticular,

e p = 1/2, the Einstein tensor Ric — %,
e p = 1/n, the traceless Ricci tensor Ric — % q,



* p=1/2(n — 1), the Schouten tensor Ric — 559,
e p = 0, the Ricci tensor Ric.

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

Apart these special values of p, for which we will call the associated flows as the name
of the corresponding tensor, in general we will refer to the evolution equation defined
by the PDE system (1.1) as the Ricci-Bourguignon flow (or shortly RB flow).

The study of these flows was proposed by Jean—Pierre Bourguignon in [3, Ques-
tion 3.24], building on some unpublished work of Lichnerowicz in the sixties and a pa-
per of Aubin [1]. In 2003, Fischer [16] studied a conformal version of this problem where
the scalar curvature is constrained along the flow. In 2011, Lu, Qing and Zheng [23] also
proved some results on the conformal Ricci-Bourguignon flow.

We will see in the next section that when p is larger than 1/2(n — 1) the principal
symbol of the operator in the right hand side of the second order quasilinear parabolic
PDE (1.1) has negative eigenvalues, not allowing even a short time existence result for
the flow for general initial data (manifold A/ and initial metric gy). On the contrary,
the main task of Section 2 will be to show that for any p < 1/2(n — 1), every initial
compact Riemannian manifold (), go) has a unique smooth solution g(¢) solving the
flow equation (1.1), with ¢(0) = go, at least in a positive time interval.

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

9
oY
9(0) = 4o

R
= —2Rie+ 79 (1.2)

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

We will see that if p < 1/2(n — 1), the principal symbol of the elliptic operator is
nonnegative definite and it actually contains some zero eigenvalues due to the diffeo-
morphism invariance of the geometric flow. When p < 1/2(n—1), these zero eigenvalues
are the only ones, all the others are indeed positive, hence, they can be dealt with (as it
is customary by now) by means of the so—called DeTurck’s trick [13, 14]. In the case of
the Schouten flow p = 1/2(n — 1) instead, the principal symbol contains an extra zero
eigenvalue besides the ones due to the diffeomorphism invariance, preventing this ar-
gument to be sufficient to conclude and to give a general short time existence result.
We mention that the presence of this extra zero eigenvalue should be expected, as the
Cotton tensor, which is obtained from the Schouten tensor as follows

Cz’jk = VkRij - Vij'k = VkRij - ijik - (VkRgz‘j - VjRgz‘k) )

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

eguéijk = Cyjp + (n — Q)szkzvlu
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see [7, Equation 3.35]. Recently, Delay [12], following the work of Fischer and Marsden,
gave some evidence on the fact that the DeTurck’s trick should fail for the Schouten
tensor.

In Section 3, we will compute the evolution equations for the curvature.

In Section 4, by means of the maximum principle, we derive, from the evolution of
the curvature, some conditions on the curvature which are preserved by the RB flow. In
particular, we show that the Hamilton-Ivey estimate
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1.1. Notation and preliminaries.
The Riemann curvature operator of an n—dimensional Riemannian manifold (M, g) is

defined as in [17] by
Riem(X, Y)Z =VyVxZ —-VxVyZ + V[X’Y]Z,

and we will denote with dy., the canonical volume measure associated to the metric g.
In a local coordinate system the components of the (3, 1)-Riemann curvature tensor are
given by R, ri = Riem (32, 5% ) 52 and we denote by R,y = gim R} its (4,0)—version.
With this choice, for the sphere S" we have Riem(v, w, v, w) = Ryjuviw/vrw! > 0.

The Ricci tensor is obtained as the contraction R, = gleijkl and R = ¢*R;, will
denote the scalar curvature.

The so—called Weyl tensor is then defined by the decomposition formula (see [17,
Chapter 3, Section K]) of the Riemann tensor in dimension n > 3,

Wik = Riju+ (Rirgji—Raugjr+Rjigis—Rirgu) - (1.3)

The tensor W satisfies all the symmetries of the curvature tensor and all its traces with
the metric are zero, as it can be easily seen from the above formula.

In dimension three, W is identically zero for every Riemannian manifold (17, g), and it
becomes relevant instead when n > 4 since it vanishes if and only if (M, g) is locally
conformally flat. This latter condition means that around every point p € M there is
a conformal deformation g;; = e/g;; of the original metric g, such that the new metric
is flat, namely, the Riemann tensor associated to g is zero in U, (here f : U, =+ Risa
smooth function defined in a open neighborhood U, of p).

2. SHORT TIME EXISTENCE

Theorem 2.1. Let p < 1/2(n — 1). Then, the evolution equation (1.1) has a unique solution
for a positive time interval on any smooth, n—dimensional, compact Riemannian manifold M
(without boundary) with any initial metric go.
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Proof. We first compute the linearized operator DL, of the operator L = —2(Ric — pRg)
at a metric go. The Ricci tensor and the scalar curvature have the following lineariza-
tions, see [2, Theorem 1.174] or [28], where we use the metric gy to lower and raise
indices and to take traces,

1
DRicy,(h)s = 5( — Ahgy — ViV tr(h) + ViVihy + V;Nthl-t) +LOT,

DR, (h) = —A(trh)+ V*V'hy + LOT,

here LOT stands for lower order terms.
Then, the linearization of L at g, is given by

DLgy(h)ix = —2(DRicg,(h)it — pDRy,(h)(go)it) + 2pRgohik

= Ahy, + V;Vitr(h) — ViV'hy, — ViVihy — 2p(A(tr h) — V¥V'hy) + LOT,
for every bilinear form h € I'(S?M). Now, we obtain the principal symbol of the lin-
earized operator in the direction of an arbitrary cotangent vector ¢ by replacing each

covariant derivative V,, appearing in the higher order terms, with the corresponding
component &,,

0e(DLg)(h)i = E'&hix + &l trgy(h) — & i — & D
—2p€"&; tr g0 (h)(90)ik + 20€ € hes(g0) ik -

As usual, since the symbol is homogeneous we can assume that |{],, = 1 and we per-
form all the computations in an orthonormal basis {e;};,—1 ., of T,M such that { =
go(er,-), thatis § = 0 fori # 1.

Hence, we obtain,

-----

Ug(DLgO)(h)ik = hzk; + (5“5]@1 tl”g()(h) — 5i1hk:1 — 5k1hi1 — 2p tI‘go (h)é,k —|— 2,0h115,-k.
that can be represented, in the coordinates system

(hn, h227 ey hfnrm h127 ceey hlna h237 h247 ) hnfl,n)
for any h € I'(S*M), by the following matrix

0 1-2p 1-2p
Aln — 1] 0 0

U§<DL90) = 0 0 0

0 0 | Idpm—1)(mn—2)/2




where A[n — 1] is the (n — 1) x (n — 1) matrix given by

1-2p —-2p ... —=2p

-2 1—-2p ... =2
An—1] = .,0 : g ) .p

—2p —2p ... 1—=2p

We can see that there are at least n null eigenvalues, as it should be expected by the
diffeomorphisms invariance of the operator L, and (n — 1)(n — 2)/2 eigenvalues equal
to 1. The remaining n — 1 eigenvalues can be computed by the following lemma which
is easily proved by induction on the dimension of A.

Lemma 2.2. Let A[m| be the m x m matrix

1-2p —-2p ... =2p
-2 1—-2p ... =2
Alm] = S @.1)
—2p —2p ... 1—=2p

Then, there holds
det(A[m] — \d,,) = (1 = X)) V(1 —2mp — \).

Using this lemma, we conclude that the eigenvalues of the principal symbol of DL,,
are 0 with multiplicity n, 1 with multiplicity W and 1—2(n—1)p with multiplicity
1.

Now we apply the so—called DeTurck’s trick [13, 14] to show that the RB flow is equiv-
alent to a Cauchy problem for a strictly parabolic operator, modulo the action of the
diffeomorphism group of M. Let V : I'(S?M) — I'(T'M) be “DeTurck’s” vector field
defined by

A , 1 1 .

Vi(g) = =gt 9"V, <§ try(90)gar — (g())qk> = —§gék9pq (Vi(90)pg = V(o) = V(90)pk) »
(2.2)

where g, is a fixed Riemannian metric on M and g/* are the components of the inverse

matrix of gq.

The DeTurck’s trick (see [13, 14] for details) states that in order to show the smooth

existence part of the theorem, we only need to check that the operator D(L — %), is

strongly elliptic, where .y is the Lie derivative operator in the direction of V.

The principal symbol of this latter operator, with the same notations used above, is well

known and is given by

0e(DLy ) go (h)ike = 010k trgy (h) — Oinhia — Ok1hir.

Then, we can easily see that the linearized DeTurck-Ricci-Bourguignon operator has
principal symbol in the direction &, with respect to an orthonormal basis {¢ > o, ..., ent,
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given by

1 —2p . —2p
: Aln —1] 0 0
0
OE((D(L - g‘/)go) = 0 Id(n—l) 0 )
0 0 Idm-1)(n-2)/2

expressed in the coordinates system
(hll» h227 ety hnn7 h127 h137 ety hlna h237 h247 ety hn—l,n)

for any h € I'(S2M).
Using Lemma 2.2 again, this matrix has @ — 1 eigenvalues equals to 1 and 1 eigen-
value equal to 1 — 2(n — 1)p. Therefore, by the DeTurck’s trick, a sufficient condition for
the existence of a solution is that p < ﬁ

The uniqueness part of the theorem is proven in the same way as for the Ricci flow
(see [20]). The RB flow is equivalent, via the one parameter group of diffeomorphisms
generated by DeTurck’s vector field, to the DeTurck-RB flow which is strictly parabolic.
On the other hand, the one parameter group of diffeomorphisms satisfies the harmonic
map flow introduced by Eells and Sampson in [15], which is also parabolic. These two
facts allow to state the uniqueness of the solution for the RB flow (see [11, Chapter 3,

Section 4] for more details).

3. EVOLUTION OF THE CURVATURE

As the metric tensor evolves as

0

595 = —2(Rij — PRay)

it is easy to see, differentiating the identity g;;¢/' = 4!, that
9 i -l il

59 = 2(Ric* — pRg”"). (3.1)

It follows that the canonical volume measure y satisfies

= o detg, 2" = : gég 28 fm = (np — 1)R\/det gy £7 = (np — DR o
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Computing in a normal coordinates system, the evolution equation for the Christoffel
symbols is given by

Opi _Lald (0 9 (o N_9 (2
ot 7t~ 29 {axj (atg’“l) oz <atgﬂ) oz (aﬂ”)}
+l§u{ﬂ +i._i4}
20t? \02; 7 T 9" T M

1 0 9 0
= 591 {Vj (a%z) + Vi, (E%‘l) -V, (a%k)}
= — ¢"{V;(Ru — pPRgw) + V(Rj1 — pRgj1) — ViR — pRg;x)}

= — V,;R; — ViR! — V'Rji + p(V,;R0}, + VRS, + V' Rgji) -

Proposition 3.1. Along the RB flow on a n—dimensional Riemannian manifold (M, g), the cur-
vature tensor, the Ricci tensor and the scalar curvature satisfy the following evolution equations

0
—Rij = ARyju + 2(Bijr — Bijie — Bijk + Biji) (3.2)

ot
— ¢""(RpjmRai + RipriRys + RijpRar + RijipRar)
- p(vikagjl - V;ViRgjr — V; ViR gy + Vjlegik)
+ 2pR Rijm

where the tensor B is defined as B = ¢"9"*RipjrRiqls-

0

aRzk = ARir + 2979 Rk Rys — 26" R, Ry (3.3)
—(n —2)pV,; ViR — pAR g1,

0 12 2

5t = (1 —2(n—1)p)AR + 2|Ric|* — 2pR>. (3.4)

Proof. The following computation is analogous to the one for the Ricci flow performed
by Hamilton [18].

By the first variation formula for the (4,0)-Riemann tensor (see [2, Theorem 1.174]
or [28]), we have in general

2Riem(X7 Y, W.Z) =

5 (h(Riem(X,Y)W, Z) — h(Riem(X,Y)Z,W))

DN | —

1
- 5( — Viwh(X,Z) = Vi WY W) + Vi wh(Y, Z) + Vi zh(X, W),
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where X, Y, W, Z € I'(T M) are vector fields and h = 2.g.
Along the RB flow h = —2(Ric — pRyg), therefore

%Riem(X, Y, W, Z) = —Ric(Riem(X, Y)W, Z) 4+ Ric(Riem(X,Y)Z, W)
— Vi.wRic(X, Z) — VX ,Ric(Y, W) + VX wRic(Y, Z) + V3. ;Ric(X, W)
+ 2pRRiem (X, Y, W, 7).

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

ARiem(X,Y,W,X) = —ViRic(X,Z)— Vi Ric(Y,IV)
+Vi wRic(Y, Z) + Vi ,Ric(X, W)
—Ric(Riem(W, 2)Y, X) + Ric(Riem(W, Z)X,Y)
—2(B(X,Y,W,Z) - B(X,Y, Z,W)
+B(X,W,Y,Z) - B(X,Z,Y,W)).

Plugging it in the evolution equation, we obtain
gRiem(X, Y,W,Z) = ARiem(X,Y,W,Z)—p(V’R® g)(X,Y,W,Z2)

ot
+2(B(X,Y,W,Z) - B(X,Y,Z,W)
+B(X,W,Y,Z) - B(X, Z,Y,W))
—Ric(Riem(X, Y)W, Z) + Ric(Riem(X,Y)Z, W)
—Ric(Riem(W, Z) X, Y) + Ric(Riem(W, 2)Y, X)
+2pRRiem(X,Y, W, Z)

which is formula (3.2) once written in coordinates. Here the symbol ® denotes the
Kulkarni-Nomizu product of two symmetric bilinear forms p and ¢, defined by

(P q)(X,Y, Z,T) =p(X, 2)q(Y,T) +p(Y,T)q(X, Z) — p(X,T)q(Y, Z) — p(Y, Z)q(X, T),

for every tangent vectors fields X,Y, Z,T € I'(T'M).

Taking into account the evolution equation for the inverse of the metric (3.1), con-
tracting equation (3.2) and using again the second Bianchi identity, formula (3.3) fol-
lows (see [18] for details). Contracting again one gets the evolution equation (3.4) for
the scalar curvature.

3.1. The Uhlenbeck’s trick and the evolution of the curvature operator.

In this subsection we want to study the evolution equation of the curvature operator, as
it was done for the Ricci flow by Hamilton in [19].

First of all, we simplify the expression of the reaction term in equation (3.2) by means
of the so called Uhlenbeck’s trick [19]. Briefly, we will relate the curvature tensor of the
evolving metric to an evolving tensor of an abstract bundle with the same symmetries
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of the curvature (see Proposition 3.4) and a nicer evolution equation; afterwards we will
find a suitable orthonormal moving frame of (7'M, ¢(¢)) and write the evolution equa-
tion of the coordinates of the Riemann tensor with respect to this frame. The result will
be a system of scalar evolution equations and no more a tensorial equation, (see [11] for
more details on this method in the case of Ricci flow).

Let (M’g(t))te[O,T
on the tangent bundle 7'M the family of endomorphisms {¢(t)}

) be the solution of the RB flow with initial data gy and consider
defined by the

t€[0,T)
following evolution equation

210(t) = Ric, o p(t) — pRyo(t). o5
@(O) = Idru, .

where Ricj( » is the endomorphism of the tangent bundle canonically associated to the
Ricci tensor by raising an index.

For every point p of the manifold 1/, the evolution equation (3.5) represents a system
of linear ODEs on the fiber 7, M, therefore a unique solution exists as long as the RB
flow exists. Moreover, if we let (h(t)):co,r) be the family of bundle metrics defined by
h(t) = o(t)*(g(t)), where ¢(t) satisfies system (3.5), then h(t) = g, for every ¢t € [0,T).
As

VEE,T),  p(t) s (TM,g0) = (TM, g(0)

is a bundle isometry, the pull-back via ¢(t) of the Levi—-Civita connection associated to
g(t) is a connection on 7'M compatible with the metric go. In the following, we will
denote by (V, h) the vector bundle (7'M, go) in order to stress out the fact that we are
not considering the Levi-Civita connection associated to gy, but the family of time-
dependent connections D(t) defined via the bundle isometries ¢ (%).

The following lemma states some basic properties of these pull-back connections.

Lemma 3.2. (see [11, Chapter 6, Section 2] Let D(t) : I'(T'M) x I'(V') — I'(V') be the pull-
back connection defined by

D(t)x¢ = o) (VL (¢()(Q))) ,

vVt € [0,T),VX € I(TM),V¢ € T(V), where VI is the Levi-Civita connection of g(t).
Let again D(t) be the canonical extension to the tensor powers of V and T be a covariant tensor
on M. Then, for every t € [0,T) and X € ['(T' M) there holds

D(t)x (p()"(T)) = () (VE'T).

In particular, D(t)xh = @*(Vﬁ((t) g(t)) = 0, so every connection of the family D(t) is compatible
with the bundle metric hon V.
Let D? : T(TM) x T(TM) x T'(V) — T'(V') be the second covariant derivative defined by

D;Y(C) = Dx(Dy() — Dvg(myg, VX, Y e (TM),v( e T'(V),
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and the rough Laplacian defined by Ap = tr,(D?). Then, for every covariant tensor T on M,
there hold

Diy(¢"(1) = ¢"(ViyT) VXY eT(TM), (3.6)
Ap(o'(T) = (A1), (3.7)

Remark 3.3. Let R € End(A*M) be the Riemann curvature operator defined by
(R(X AY),W A Z) = Riem(X,Y, W, Z), (3.8)

where (, ) is the linear extension of ¢ to the exterior powers of 7).

In the following, we use a convention on the Lie algebra structure of A?AM which is
different from the original one chosen by Hamilton in [19]. More precisely, with his
convention the eigenvalues of the curvature operator are twice the sectional curvatures,
whereas with our convention the curvature operator has the sectional curvatures as
eigenvalues. In particular, every formula differs from the corresponding one in the
usual theory of the Ricci flow by a factor 2 (see also [11, Chapter 6, Section 3] for the
details). We recall that R can be considered as an element of T'(S?(A2M)), and the fol-
lowing equations hold true

ik
R = 2) R

i<k
(ng)z’jkl = Bijkl - Bijlk ;
(R#R)iji = Bikji — Bui -

where B is defined as in Proposition 3.1. For more details on the structure of the curva-
ture operator we refer again the reader to [11, Chapter 6, Section 3].

We now consider the pull-back of the Riemann curvature tensor and the curvature
operator.

Proposition 3.4. Let Piem be the pull-back of the Riemann curvature tensor via the family of
bundle isometries {p(t) }icpo,r). The following statements hold true:

(1) Piem has the same symmetry properties as Riem, i.e. it can be seen as an element of
['(S?(A?V)) and it satisfies the first Bianchi identity;

(2) Foreveryp € M andt € [0,T) the algebraic curvature operator P(p, t) € End(A*V,)
(see Remark 3.7), defined by v o P = R o ¢ has the same eigenvalues as R(p, t). In par-
ticular, P is positive (nonnegative) definite if and only if R is positive (nonnegative)
definite;

(3) Pic(t) = try (Piem(t)) = o(t)*(Ricy);

(4) P = try(Pic(t)) = Ry

(5) B(Piem) = ¢*(B(Riem)), where B is defined in the same way as in Proposition 3.1 for
a generic element of S*(A*V).

Finally, we can compute the evolution of Piem and P.
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Proposition 3.5. The tensors Piem and P satisfy respectively the following evolution equations

a . . *
E(Plem)abcd = Ap(Piem)gpeq — p(¢* (VR) ® h)aped (3.9)
—|—2(B(Piem)abcd - B(Piem)abdc + B(Piem)acbd - B(Piem)adbc)
—2pP Piemgp.q ,
%? = ApP-— 2,0g0*(V2 trp(P)) ® h + 2P% 4 297 — 4p try(P)P, (3.10)

where tr,(P(t)) = tryw) (R(t)) = iR(t).

Remark 3.6. On the right hand side of equation (3.9) the term »*(V?R) appears (i.e. the
pull-back of the Hessian of the scalar curvature, seen as a symmetric 2-form on the
tangent bundle) and it cannot be expressed in terms of the connection D(t).

Proof. Let (1, ..., (4 be sections of V; then combining the evolution equations of the Rie-
mann tensor (3.2) and of the bundle isometry ¢ (3.5), we obtain

9 Piem)((1, G2, G35 Ca) =

(
ot
(gtRlem) (1,2, G5, Ca) +Rlem<8a—¢(C1) (Cz),cp(Cg),go(g))

+Riem (9(G), 26, (), 9(c)) + Riem (1), 9(G), 22(), ()

+Riem ((G). £(G), (6, 22 (¢4))

= ()0*<A9Rlem) (Ch <27 <37 <4) - p(p*<v2R‘ D g) (Ch €27 <37 C4>
+290* (B<Rlem> (Cb <27 C?n C4) - B(Rlem)(Cb C27 <47 CS) - B(Rlem) (Cla C47 C27 C3>
+ B(Riem) (1, G5, G2, Ga)) + 20Re* (Riem) (1, G, G, Ca)

—Riem(Ric* 0 0(G), 9(G2). 9(Go): #(Gr) ) = Riem (2(), Ric 0 0(G2), 9(Gr). () )
iem (9(G1), (G2), Ric? 0 (). <<4>) Rlem( (€ 9@ 0(G). Rict 0 (Gr))
((Ric o — pRe)(G1), ¢ )
+Riem (), (Ric* 0 ¢ — pR) (G2), o))
+Rlem<90(41) ©(C2), (Ric” o @ — pRe)( )

(¢

(C1), #(Go), 9(Ga), (Ric# o0 — pRsO) (@))

= Ap(Piem)(¢i, ¢2,C3,Ca) — P(SD*(VQR) ® h)(C1, Ca, €3, Ca)
+2¢" (B(Piem)(¢1, G2, (3, ¢a) — B(Piem)((y, Co, G, G3) — B(Piem)(¢1, Ca, G2, Cs)
+ B(Plem)(Ch C37 627 C4)) - QIOPPlem(gla C27 637 C4) )
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where we used several identities stated above. For (3, ..., (4 belonging to a local frame
we get the desired equation (3.9).
Combining the evolution equation for Piem with the formulas stated in Remark 3.3, we
tind the evolution equation of P.

Remark 3.7. It must be noticed that, even though for every p € M and t € [0,T), P(p, 1)
belongs to the set of algebraic curvature operators C,(V,,), in general it does not coincide
with the curvature operator of the pull-back connection D(t). In the present literature
the pull-back tensor is always denoted by Riem and this abuse of notation is somehow
misleading, suggesting the wrong impression that Piem(t) = ¢(t)*(Riem,) is equal
to Riemy)+(4¢)) = Riemy, but this is not longer true for general isomorphisms of the
tangent bundle (however it is true for ¢ € Dif f(M)).

By the Uhlenbeck’s trick the evolution equation (3.10) for P allows a simpler use of the
maximum principle for tensor as the reaction term is nicer and the metric on S?(A?V) is
independent of time. Moreover, the subsets of S?(A?V) preserved by such PDE corre-
spond to curvature conditions preserved under the RB flow.

4. PRESERVED CURVATURE CONDITIONS

In this section we will use the maximum principle in various formulations in order to
find curvature conditions which are preserved by the RB flow.

We begin by considering the evolution equation for the scalar curvature (3.4), which
behaves as under the Ricci flow.

Proposition 4.1. Let (M, g(t)).cjor) be a compact maximal solution of the RB flow (1.1). If

p < m, the minimum of the scalar curvature is nondecreasing along the flow. In particular

if R(9(0)) > «, for some o € R, then Ry > o for every t € [0,T). Moreover if a > 0 then
T <

—_n
— 2(1-np)a’

Proof. As p < 2(n171) < 1 foranyn > 1, it follows that

Q

5 = (1=2(n = 1)p) AR + 2[Ric|* — 2pR?
> (1—2(n—1)p)AR + 2R*/n — 2pR”
> (1-2(n—1)p)AR,

hence, by the maximum principle, the minimum of the scalar curvature is nondecreas-
ing along the RB flow on a compact manifold. In particular, for every a € R, the condi-
tion R > « is preserved.
Finally, integrating the inequality

0

1
_Rmm>2(__ >R2 )
8t - n P min



13

that holds almost everywhere for t € [0,7) (by the Hamilton’s trick (see [21], [24,
Lemma 2.1.3])), we obtain
no

n—2(1—np)at’
that, for a > 0, gives the estimate on the maximal time of existence.

Ronin(t) > 4.1)

Remark 4.2. In the special case of the Schouten flow (when p = ﬁ), actually there

holds
0 n—2

ZR> =

ot~ n(n—1)
at every point of the manifold, which implies that the scalar curvature is pointwise
nondecreasing and diverges in finite time.

R2

Remark 4.3. By means of the strong maximum principle, it follows that if the initial
manifold has nonnegative scalar curvature then either the manifold is Einstein (Ric = 0)
or the scalar curvature becomes positive for every positive time under any RB flow with

1
P = 51y

Proposition 4.4. Let (M, g(t))c(—oo,0) be a compact, n—dimensional, ancient solution of the RB
flow (1.1). If p < m then, either R > 0 or Ric = 0 on M x (—o0,0].

Proof. As g¢(t) is an ancient solution, for every ¢, < t; < 0, we can define g(s) = g(s+to),
which is a solution of the RB flow for s € [0,¢; — ;]. Then, we have R,,;,(0) = Ry.in(t0),

hence, from formula (4.1)
~ n

Rmm(s) Z =1 )
nR (0) — 21— np)s

for every s € (0,t; — to]. In particular, we have

~ n
() = Roninlls = 10) 2 St G 20— mp) (1 — t0)

If Ryin(to) > 0, by Proposition 4.1, it follows that R,,;,(t1) > 0, so we can assume that
Rinin(to) < 0, hence

nR,in (to) — 2(1 = np)(t — to) 2(1 = np)(ts — o)’
for every ¢; < ty, and sending ¢, to —oo, we still conclude that R,,,;,,(1) > 0. Since this
holds for every t; < 0 the previous remark implies the result. O

4.1. Maximum principle for uniformly elliptic operators.

Let M be a smooth compact manifold, ¢(¢), t € [0,7'), a family of Riemannian metrics
on M and (E,h(t)) t € [0,T), be a real vector bundle on ), endowed with a (possibly
time—-dependent) bundle metric. Let D(¢) : ['(T'M) x I'(E) — I'(E) be a family of linear
connections on £ compatible at each time with the bundle metric /(¢). We have already
seen in Section 3.1 how to define the second covariant derivative, using also the Levi-
Civita connections V) associated to the Riemannian metrics on M.
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Definition 4.5. A second-order linear operator £ on I'( E) can be written in a local frame
field {Gi}izl

-----

L=d"D}, VD, (4.2)

where a = ae; ® e; € T'(S*(T'M)) is a symmetric (0, 2)-tensor and b = b'e; is a smooth
vector field. We say that £ is uniformly elliptic if a is uniformly positive definite.

Remark 4.6. In the previous definition, both the coefficients and the connections are in
general time-dependent and we say that £ is uniformly elliptic if it is so for every ¢ €
[0, T") uniformly in time.

Weinberger in [29] proved the maximum principle for systems of solutions of a time—

dependent heat equation in the Euclidean space; Hamilton in [19] treated the general
case of a vector bundle over an evolving Riemannian manifold. Here we present a
slight generalization of Hamilton’s theorem for parabolic equations with uniformly el-
liptic operator (see [26, Theorem 2.2] for the ”static” version proved by Savas—-Halilaj
and Smoczyk).
As before, (M, g(t)) is a smooth compact manifold equipped with a family of Riemann-
ian metrics; we consider a real vector bundle E over M, equipped with a fixed bundle
metric » and a family of time-dependent connections D(t) compatible at every time
with h.

Definition 4.7. Let S C E be a sub-bundle and denote S, = SN E, for every p € M. We
say that S is invariant under parallel translation w.r.t. D, if for every curve vy : [0,{] = M
and vector v € S, (o), the unique parallel (w.r.t. D) section v(s) € E, () along (s) with
v(0) = v is contained in S.

Theorem 4.8 (Vectorial Maximum Principle). Let u : [0,T") — I'(E') be a smooth solution of
the following parabolic equation

%u = Lu+ F(u,t), 4.3)
where £ is a uniformly elliptic operator as defined in (4.2) and F : E x [0,T) — Eisa
continuous map, locally Lipschitz in the E factor, which is also fiber—preserving, i.e. F(v,t) €
E, for everyp € M,v € E,, t € [0,T).

Let K C E be a closed sub-bundle (for the metric h), invariant under parallel translation w.r.t.
D(t), for every t € [0,T'), and convex in the fibers, i.e. K, = K N E, is convex for every p € M.
Suppose that K is preserved by the ODE associated to (4.3), i.e. for everyp € M and Uy € K,
the solution U (t) of

4 = F(U(t),t),
{U(O) _ UO(. - (4.4)

remains in K,. Then, if u is contained in K at time 0, u remains in K, i.e. u(p,t) € K, for
everyp € M,t € [0,T), as long as the solution of the ODE exists.
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Proof. (Sketch) We can follow exactly the detailed proof written in [10, Chapter 10, Sec-
tion 3], provided that we generalize [10, Lemma 10.34] to the analogue one for uni-
formly elliptic operator (see again [26, Lemma 2.2]): if K C E satisfies all the hypothesis
of Theorem 4.8 and u € I'(E) is a smooth section of E, then

ulp) e K, YpeM — L(u),€Cypnk, YpeM,
where C,,,) K, is the tangent cone of the convex set K, at u(p).

There is a further generalization of this maximum principle which allows the subset
K to be time-dependent.

Theorem 4.9 (Vectorial Maximum Principle, Time-dependent Set). Let v : [0,7) — I'(E)
be a smooth solution of the parabolic equation (4.3), with the notations of the previous Theorem.
For every t € [0,T), let K(t) C E be a closed sub-bundle (for the metric h), invariant under
parallel translation w.r.t. D(t), convex in the fibers and such that the space—time track

T={(v,t) eExR:veK(t),te[0,T)}

is closed in E x [0,T). Suppose that, for every t, € [0,T), K(ty) is preserved by the ODE
associated, i.e. for any p € M, any solution U (t) of the ODE that starts in K (t,), remains in
K (t),, as long as it exists. Then, if u(0) is contained in K (0), u(p,t) € K(t), for ever p € M,
t € [0,T'), as long as the solution of the ODE exists.

The proof of this Theorem is basically a refinement of the arguments used in the others
maximum principles (see [10, Chapter 10]).

As remarked before, the evolution equation (3.2) of the Riemann tensor has some
mixed product of type Riem * Ric which makes difficult to understand the behavior of
the reaction term. On the other hand, if we perform the Uhlenbeck’s trick, the evolution
equation (3.9) becomes a little nicer and can be used to understand how the RB flow
affects the geometry.

More precisely, we use the evolution equation (3.10) for the pull-back of the Riemann
curvature operator P € T'(S?(A?V*)) to prove that the cone of nonnegative curvature
operators is preserved by the RB flow.

Proposition 4.10. Let (M, g(t)):c(o,1) be a compact solution of the RB flow (1.1) with p < m
and such that the initial data g, has nonnegative curvature operator. Then Ry > 0 for every

tel0,7).
Proof. We recall the evolution equation (3.10) for P = ¢*R

%ﬂ’ = ApP — 2p0" (V2 try(P)) ® h + 2P? 4+ 2P% — 4ptr),(P)P,

where tr,(P(t)) = 1/2R(t) is half of the scalar curvature of the metric ¢g(¢). By proposi-
tion 3.4, it suffices to show that the non negativity of P is preserved by equation (3.10).
We want to apply the vectorial maximum principle 4.8, therefore we must show that

L(Q) = ApQ — 2p¢" (V2 t14(Q)) ® h
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is a uniformly elliptic operator on the bundle (I'(S*(A?V*)), h, D(t)).

As £ is a linear second order operator, we compute as usual its principal symbol in
the arbitrary direction {. In order to simplify the computations, we choose opportune
frames at every point p € M and time ¢ € [0,T). Then, let {e;};—1,., be an orthonormal
basis of (V},, h,) such that £ = h,(e;, ). According to the Uhlenbeck’s trick (Section 3.1)
and the convention on algebraic curvature operators (Section 3.1) we have that {f; =
©(t),(€i) }iy,..n is an orthonormal basis of 7,/ with respect to ¢(t),, the components of
©(t), with these choices are ¢? = §? and {e; A €, }i<; is an orthonormal basis of A2V,
Hence, the principal symbol of the operator £ written in these frames is

oe(LQ)ujwy = Q) — 2,05;'15?5125zd tr(Q)(§ ® € ® h) (ab)(ca)
= [P Qupn — 20t1a(Q)(€ ® & © M)y (u)

= Quj)tk)y — 2/)( > Q(pq)(m)) 07 04051,

r<q

where we used that (| = 1,7 < j and k < [ in the last passage. Now it is easy to see that
the matrix representing the symbol has the following form

—2p ... 2p
Aln —1] A 0
—2p —2p
0e(L) = 0 | Idpm_1)(n-2)/2 0 :
0 0 Idy(v_1)/2

where we have ordered the components as follows: first the n — 1 ones of the form
(17)(15) with j > 1, then the (n — 1)(n — 2)/2 ones of the form (i5)(ij) with 1 < i < j,
and last the N(N — 1)/2 "non diagonal” ones, with N = n(n — 1)/2 and A is the matrix
defined in (2.1).

By lemma 2.2 the eigenvalues of the symbol are 1 with multiplicity N(N +1)/2 — 1 and
1 —2(n — 1)p with multiplicity 1, since p < 1/2(n — 1) the operator £ is uniformly ellip-
tic.

In the second part of the proof we consider the reaction term F(Q) = 2(Q? + Q% —
2ptr,(Q)Q). Clearly F is continuous, locally Lipschitz and fiber—preserving. Let ) €
['(S?(A%V™)) be the set of nonnegative algebraic curvature operators, where we have
identified S?(A?V*) ~ Endgsa(A?V) via the metric h. We observe that Q) = {Q :  \n(Q,) >
0}, where N = n(n—1)/2 and Ay is the least eigenvalue of @),,. Hence 2 is clearly closed,
by [10, Lemma 10.11] it is invariant under parallel translation with respect to every con-
nection D(t) and it is convex, provided that the function ) — Ax(Q),) is concave. We
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can rewrite
AN(QP) = inf h(Qp(U)y U) ;

{veA2Vp:|v|p=1}

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

Fo(Qp) € T,  foreveryp € M such that Q, € 09,
where 0Q, = {Q, € Q, : Jv € A%V, Q,(v,v) =0} and the tangent cone is
To,p = {S, € S*(A*V)) : Sp(v,v) > 0 for every v € A*V, such that Q,(v,v) = 0}

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

v = Uaea s (Qp)ocﬁ = Aaéaﬁ .
with A\, > 0. Then

(@)es = Xebas (QF)es = (VAN
and
Fyf@)(0,0) = X" + S PAN (0% 2 0
and this completes the proof.

4.2. The evolution of the Weyl tensor.

By means of the evolution equations found for the curvatures, we are able to write the
equation satisfied by the Weyl tensor along the RB flow (1.1). In [6] the authors compute
the evolution equation of the Weyl tensor during the Ricci flow (see [6, Proposition 1.1])
and we use most of their computations here.

Proposition 4.11. During the RB flow of an n—-dimensional Riemannian manifold (M, g) the
Weyl tensor satisfies the following evolution equation

0
Ewijkz = AW, +2(B(W)ijrr — BIW) e — BOW)agjie + B(W )irj1) (4.5)
+2pRW 51 — g™ (ijk:qui + WipuRej + Wi Rgr + Wijkqul)
2 . 1 ) )
+ (=22 (Ric” ® 9)ijm + ) (Ric ® Ric);jx
R R? — [Ric|?

Ric® g)ijkz +

m( Dn = 2) (90 9)ijw

where BW )ijrr = 979" Wipir Wqis-

(n —
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Proof. By recalling the decomposition formula for the Weyl tensor (1.3) we have

J . 1 0 0 1 /0 0
EWzame—l—2(n_1>(n_2)<ath®g+28tg@g> ——<8tRlc®g+R1c®at )

=L+ Lo,

where £;; is the second order term in the curvatures and £ the 0—th one. We deal first
with the higher order term; plugging in the evolution equations of Riem, Ric and R
(Proposition 3.1) we get

1-2(n—1)p
2(n—1)(n—2)

1
—m(ARic ®g—(n—2)pV* RO g—pAR® g)
1-2(n—1)p+2(n—1)
2(n—1)(n—2)

Lrr = ARiem — p(V2R® g) +

ARg® g

= ARiem +

1
PARg® g — ——ARicd g
— AW.

Then we consider the lower order terms

<[40>z‘jkl = 2(B(Rlem)zjkl — B(Rlem)”lk — B(Rlem)mk + B(Riem)ikﬂ)
_gpq (Rpjkqui + Ripkquj + Rijleqk: + Rijkqul)

1
2 W —
+ pR( 2(n—1)(n — )Rg®g+ R1C®g>zjkl
1
2|Ric|? — 2pR? — 4RRi 4pR?
+2<n_1)(n_2)( |Ric|*g ® g — 2pR*g ® g — 4RRic ® g + 4pR*g @ 9)ijni
1

5 [2(Riem x Ric) ® g — 2Ric* ® g — 2Ric ® Ric + 2pRRic ® gliju
n R
= Q(B(Rlem)”kl — B(Rlem)wlk — B(Rlem)lljk + B(Rlem)zkﬂ)

— 3" (RpjuRagi + RipuRys + RijmRar + RijipRar) + 20RWij
2
——2[(Riem x Ric) ® g — Ric®> ® g — Ric ® Ric]ij
n J—

2R , |Ric|?
- n—D)(n—2) (Ric ® 9)iji + (n—1)(n—2) (9O 9)iju »

where (Riem * Ric)u, = ReappgRstg??g?" and (Ric?) g = RapRigg™e.

Now we deal separately with every term containing the full curvature Riem, using its
decomposition formula, expanding the Kulkarni-Nomizu products and then contract-
ing again. We have that

[(g ® g) * Ric]ay = 2[Rg — Rica, [(Ric ® g) * Ric]ap = [—2Ri(32 + RRic + |Ric|29]al7
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Hence
(Riem * Ric) ®g = (W xRic)®g— p— 2R102 Dy (4.6)
N nR Ric ® 0 + (n — 1)|Ric|? — R? o
m-Dm-2 I T menm—2 7Y
Then
RyiRpjug™ = R '(W ki — 1 (9 kg'l_glg‘k))gpq
qitlpj qi\ VVpj (n— 1)(n — 2) ki plYj
1
o5 Rai(Rprgs + Rjrgpr — Rutgse — Ryugpi)g™
R
— R.W...g" — 0 — Roras
quijklg (TL — 1)(71 N 2) (Rzkgjl zlg]k>
1
+m(R?k9jl — Rigje + RaeRji — RaRye) -
Interchanging the index and using the symmetry properties we get
9" (RpjraRai + RipriRyj + RijpiRar + RijipRar) (4.7)
— gpq (ijkqui -+ Wipkquj —+ Wijleqk: -+ Wz’jkqul)
2 2 2R .
+ m(RlC D g)ijkl + EG{IC 0y RlC)ijkl — (n—1)(n—2) (Ric ® g)mkz .
Finally the ” B”—terms:
B(Riem) (w i ©g+——Rico )
iem)gpeq = —
BHt abed 2n—1(n—2)7"9 " 2 ) apba
(W— i 909+ — Ric@g) 99"
2(n—1)(n—2) n—2 csdt

(Wapbq(g ) g)csdt + (g W) g)apbqwcsdt)gpsgqt = _2Wadbc - 2chda

(Wapbq (RIC D g)csdt + (RlC D g>apbqwcsdt)gpsgqt = (W * RiC)abgcd + (W * Ric)cdgab
- (chdpRaq + chdaqu + Wadprcq + Wapbdeq)gpq

(90 9)appa(9 B 9)esag” 9" = 4((n — 2)gabGea + JacGoa)

((Ric D 9)apbg(9 O G)esar + (Ric @ g)esar(9 O g)apbq)gpsgqt
= 2((” - 4)Rabgcd + (Tl - 4)Rcdgab + 2Racgbd + 2Rbdgac)

(RiC ® g)abpg (Ric ® g)esarg” 9" = —2R%y9ca — 2R219a0 + Riegha + Riaac
+ (n - 4)RabRCd + 2RacRbd + R(Rabgcd + Rcdgab) + ‘Ric‘anbgcd
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Now, adding the same type quantities for the different index permutations and using

the symmetry properties of W we obtain

B(Riem)ijkl - B(Rlem)”lk - B(Rlem)zl]k + B(Rlem)zkﬂ (48)
= B(W)ijr = BIW)ijie = B(W)ajr, + B(W)irsi

. 1 ) 1 . .
+ n— 2 ((W * Rlc) @ g)ljkl - m(RlcQ @ g)i_jkl + m(RIC @ Rlc)ijkl
R . |Ric|? R?
+ ORI 2)2(Rlc ® 9)ijk + <2(n Sy T P Yo 2)2>(g D 9)iji -

We are ready to complete the computation of the 0-th order term in the evolution equa-
tion, using the previous formulas (4.6), (4.7), (4.8)
(L0)ijr = 2(B(W)yjrr — BIW) i — B(W) e + B(W)ikji) + 20RW i

— 9" (WpeiRgi + WipkiRej + WijpRar + WijipRat)
Ric’ ® g)ijkz +

+ (RIC D Ric)ijkl

2 b
(n —2)? (n—2)
MR R? — [Ric|?
(n—2)2 (Ric @ g)ijui + (n—1)(n — 2)?

(9O 9)iju

4.3. Conditions preserved in dimension three.

In general dimension, it is very hard to find other curvature conditions preserved by
the flow, and this is due principally to the complex structure of the reaction terms; for
example in the evolution equation satisfied by the Ricci tensor (3.3), the reaction terms
involve the full curvature tensor. Therefore it is easier to restrict our attention to the
three—-dimensional case, in which the Weyl part of the Riemann tensor vanishes and all
the geometric informations are encoded in the Ricci tensor.

In the special case of dimension three, we can use also the evolution equation (3.10)
of the pull-back of the curvature operator to obtain more refined conditions preserved,
because we can rewrite the ODE associated to the evolution of P as a system of ODEs
in the eigenvalues of P that, by Proposition 3.4, are nothing but the sectional curvatures
of R. This point of view has been introduced for the Ricci flow by Hamilton in [21] and
can be easily generalized to the RB flow as follows.

Lemma 4.12. If n = 3, then P, has 3 eigenvalues X, j1, v and the ODE fiberwise associated to
equation (3.10) can be written as the following system

D — N2 2w — ApAN + p + V),
L= 2+ 2 v —dpu(A+ p+v), (4.9)
dv 21/2+2)\M—4py()\—|—u+l/)-

In particular, if we assume A(0) > 11(0) > v(0), then A(t) > p(t) > v(t) as long as the solution
of the system exists.
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Proof. We can pointwise identify V,, with an orthonormal frame of R* with the standard
basis. Then A%V, ~ so(3) with the standard structure constants and if an algebraic
operator @, is diagonal, both Q2 and Q¥ are diagonal with respect to the same basis
(for the detailed computation of this fact, see [11, Chapter 6.4]). Hence the ODE £Q, =
F,(Q,) associated fiberwise to (3.10) preserves the eigenvalues of (), that is, if Q,(0) is
diagonal with respect to an orthonormal basis, ), (t) stays diagonal with respect to the
same basis and the ODE can be rewritten as the system (4.9) in the eigenvalues.

To prove the last statement, we observe that

SO0 n) = 200= (1= 2) A+ ) — (14 29))

%m— v) = 20— v)((1 = 2p) (1 +v) — (1+2p)A)

Remark 4.13. We already proved that the differential operator in the evolution equation
of P is uniformly elliptic if p < 1/2(n — 1), thatis p < 1/4 in dimension three. Therefore
any geometric condition expressed in terms of the eigenvalues is preserved along the
RB flow if the cone identified by the condition is closed, convex and preserved by the
system (4.9).

By using this method, we can prove

Proposition 4.14. Let (M, g(t))ico,r) be a compact, three—dimensional, solution of the RB
flow (1.1). If p < 1/4, then
(i) nonnegative Ricci curvature is preserved along the flow;
(ii) nonnegative sectional curvature is preserved along the flow;
(iii) the pinching inequality Ric > £Rg is preserved along the flow for any ¢ < 1/3.

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

={Qp: (L +v)(@) =0}

The closedness is obvious; in order to see that K, is convex, we observe that the greatest
eigenvalue can be characterized by A\(Q,) = max{Q,(v,v) : v € V,|v|, = 1}, hence it is
convex. Then the function @, — ©(Q,) + v(Q,) = tr(Q,) — AM(Q,) is concave and this
implies that its superlevels are convex. By system (4.9) we obtain

Ccli(/r +v) =2 + 207 + 22X\ (1 + v) — 4p(p + v) tr(Q,) -

There is the stationary solution corresponding to 1(0) = 0 = v(0). Otherwise, whenever
1(to) + v(to) = 0 with p(tg) # 0and v(to) # 0, & (u+ v)(to) = 2(u* + v*)(to) > 0, then K
is preserved.

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

d

() = Alto)ulto) > 0

because the order between the eigenvalues is preserved and therefore \(¢y) > (%)
(iii) For every ¢ € (0,1/3], if Ric(¢g(0)) — €R(g(0))g(0) > 0, then Ricyyy — eRgyg(t) >
Translating in terms of eigenvalues of P, the condition means p((,,) —i—y(Qp) 2e tr(Q,
0, thatis A(Q,) < 152 (1(Q,) + v(Qp)), then the right cone is

K, ={Qp : MQp) — Ce)(u(Qy) + v(Qy)) <0},

where C(e) = 152 € [1/2,400). The defining function is the sum of two convex func-
tion, hence its sublevels are convex. Now, for C' = 1/2, that corresponds to ¢ = 1/3,
we have \(0) = p(0) = v(0) at each point of M, that is the initial metric ¢(0) is constant
sectional curvature and this condition is preserved along the flow.

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

>0
0.
) >

TN Clit ) (to) = 2[0 + v — COE 172+ A+ ) — 20t2(Q) (A — Clu+ )] (t0)

2
dt
— 2[C2(ulto) + v(to))? + ulto)v(te) — Clulte)? + v(te)?) — C*(ulto) + v(t))’]
< (1= 20)(u(to)? + v(to)?) < 0.

4.4. Hamilton-Ivey estimate.

A remarkable property of the three-dimensional Ricci flow is the pinching estimate,
independently proved by Hamilton in [20] and Ivey in [22], which says that positive
sectional curvature dominates negative sectional curvature during the Ricci flow, that
is, if the initial metric gy has a negative sectional curvature somewhere, the Ricci flow
starting at gy evolves the scalar curvature towards the positive semiaxis in future times,
that means that there will be a greater (in absolute value) positive sectional curvature.
We have generalized the pinching estimate and some consequences for positive values
of the parameter p. In the same notation used before, let A > ;1 > v be the ordered
eigenvalues of the curvature operator.

Theorem 4.15 (Hamilton-Ivey Estimate). Let (M, g(t)) be a solution of the RB on a compact
three—manifold such that the initial metric satisfies the normalizing assumption min,¢ s v,(0) >
—1. If p € [0,1/6), then at any point (p,t) where v,(t) < 0 the scalar curvature satisfies

R > |v|(log(|v|) +log(1 +2(1 — 6p)t) — 3) (4.10)

Proof. We want to apply the Maximum Principle for time-dependent sets theorem 4.9,
hence we need to express condition (4.10) in terms of a family of closed, convex, invari-
ant subsets of S*(A?V*), where (V, h(t), D(t)) is the usual bundle isomorphism of the
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tangent bundle defined via Uhlenbeck’s trick (Section 3.1). Moreover, by [10, Lemma 10.11],
we already know that, for any ¢ € [0,7'), the set

K, () = { Qp : tr(Qp) > —m and if v(Q,) < —m }
# = then tr(Qy) > (@) (Toa((Q,)]) + log(1 + 2(1 — 6p)1) — 3)

defines a closed invariant subset of S?(A?V*). Since, for p € [0,1/6), K(t) depends
continuously on time, the space—time track of K (¢) is closed in S?(A?V*).

Now we show that K,(t) is convex for every p € M and ¢t € [0,7). Following [11,
Lemma 9.5], we consider the map

O SHA)) 2 RE, (@) = (Iv(Q))] tr(Qy))
Clearly, we have that (), € K,(t) if and only if ®(Q,) € A(t), where

_ (%y)GRQiyZ—m; y = —3z; }

Alt) = { if 2 > 5y theny > z(logz +log(1 4 2(1 — 6p)t) — 3)

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

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

The third condition is a bit tricky. If (Q,),¥(Q}) > —1yiog,; then the condition is
empty for every point of the segment because v is a concave function. By continuity we
can assume w.l.o.g. that v(Q,(s)) < —m, for every s € [0,1], hence z(Q,(s)) =
—v(Qp(s)) is a convex function and z(Q,(s)) < sx(Q,) + (1 —s)z(Q; ). On the other hand
the second condition implies that 2:(Q,(s)) > —y(Qp(s))/3 = =3 (sy(Qp) + (1 — $)y(Q}))-
Then ®(Q,(s)) belongs to the trapezium of vertices

(@), (-~ 50(@).5(@), 2@, (-~ 5u@).5(@).

contained in A(t), as its vertices are and A(t) is convex.
Now we prove that K (t) is preserved by the system (4.9). By taking the sum of the three
equations in the system (see also Remark 4.13) we get

(@) 2 51— 3p) (Q,)°.

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

W@ =~ =0 2 T 20 =6t

which holds for any p € [0,1/6).
In order to prove that the second inequality is preserved too, we consider, for every
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p € M such that v(Q,)(0) < 0, the function

f(t) = ff%’j)

and we compute its derivative along the flow.

— log(—v(Qp)) —log(1 + 2(1 — 6p)t) (4.11)

d 1
%fzﬁ[(_2y)(v+,ﬁ+u2+)\u+)\u+;w—2p(A+u+y)2)

2N+ p+v) (VP4 A= 2p0 (A + p+v))]

2 2(1 — 6p)
2 =200 -
v (" =200 (A + 4 v) 1+2(1—6p)t

2(1 —6p)
1+2(1— 6p)t
As in the case of the Ricci flow, it is easy to see that the quantity —v(\* + p® + A\p) +

Ai(X + p) is always nonnegative if v < 0. In fact, if © > 0 it is obvious, whereas if y < 0
one has

2
:ﬁ[—u()\Q—ir,uz—l—)\u)—ir)\u()\%—u)—1/3+2p1/2()\+u+u)}

V(AN 1?4 M) + AN+ ) = (= v) (A + p® + Ap) — i > 0.
Hence we get
2(1—6p)
14 2(1—6p)t

d
Ef(t) > 2w+dpA+pu+v)— (4.12)
If p > 0, since A + pu + v > 3v, we obtain

1
>0
14 2(1 —6p)t) -

d
Efz —2(1—6p) (v +

whenever v < —m and p < 1/6.

Hence, if (), 11, ) is a solution of system (4.9) in [0,7") with (A(0), £(0),v(0)) € K,(0),
we suppose that there is ¢; > 0 such that v(¢;) < Then, either v(t) <

1 1
1+2(1—6p)t 1+2(1—6p)to

and v(t) < —m for any ¢t € (to,?1]. In the first case, by hypothesis we obtain
f(0) > =3 and %f(t) > 0 for any ¢ € [0,t,], therefore f(¢;) > —3; in the second case
f(to) = % > —3and £f(t) > 0forany t € [to,t1], therefore again f(t;) > —3,
which is equivalent to the second inequality.

1
T 1+2(0—6p)t1
for any ¢t € [0,¢], either there exists ¢, < ¢; such that v(t)) =

Remark 4.16. The extra term 4p(\ + p + v) on the key-equation (4.12) requires strong
assumptions on the parameter p since we have no information on the sign of the trace.
However, combining equation (4.12) with Proposition 4.4, we can enlarge the range of
p to [0,1/4), simply by dropping the extra term, nonnegative for ancient solutions and
therefore conclude that an ancient solution to the RB flow on a compact three-manifold
with bounded scalar curvature has nonnegative sectional curvature for any value of
p €[0,1/4) (see [11, Corollary 9.8]).
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Proposition 4.17. Let (M, g(t)) tc(—c0,0) be a compact, three—dimensional, ancient solution of
the RB flow (1.1) with uniformly bounded scalar curvature. If p € [0,1/4) then the sectional
curvature is nonnegative.

5. CURVATURE ESTIMATES

5.1. Technical lemmas.
Before proving the curvature estimates for the RB flow, we need some technical results.
First of all, we prove the proposition:

Proposition 5.1. Let k € N, p € [1, +oo]and q € [1, +00). There exists a constant C(n, k,p, q)
such that for all 0 < j < k and all tensor T

1—4

7
Tl grs < ClINT Ml * 1T g

Q [

where L = =t
T4 P
To prove this proposition, we need several lemmas.

Lemma 5.2. Let p € [1,+00], ¢ € [1,+00) and r € [2,+00) such that ; = o + 5. There
exists a constant C(n,r) such that for all tensor T

IVTIE < ClTI VT, -
Proof.

IVTl; = [ (VEIVTIT) d,
M

- _/M<T,V(|VT|T"2VT)>dﬂg

- / (T,(r —=2)V’T|VT|"*VT) dp, — / (T,|VT|"7*V°T) dp,
M M

< c [ mvTIvTy g,
M
< CITI VT IV T2,

using Holder’s inequality with % + % + % = 1. This ends the proof of this lemma. O

Lemma 5.3. Let k € N, p € [1,+o0] and q € [1,+00). There exists a constant C(n, k,p, q))
such that for all tensor T

I3 < CIT g T g,
where . = 5. + 5.
Proof. We apply Lemma 5.2 to V*T*:
IV TN < CIUV T Tl sz, < CIT iz | Tl e

k+2 — k+2°
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On the other side, using Holder’s inequality
717 < AT e < AT N I 21

k+2

Combining both inequalities gives the result. O
Lemma 5.4 (Hamilton [18], Cor. 12.5). Let k € N. If f : {0,...,k} — R satisfies for all
0<j<k

JG) S CIG =13+ 1)
where C' is a positive constant, then forall 0 < j < k

JG) < COED ) f(k)E
Proof of Proposition 5.1. We apply Lemma 5.4 with f(j) = ||T']| ;. Since % =

1 1
2Tj71 + 2Tj+1 4

Lemma 5.3 shows that there exists C'(n, k, p, q¢) such that
f@) < CIG=1RG+1)%,
and then Lemma 5.4 gives Proposition 5.1.

Lemma 5.5. For all tensors of the form S = T, there exists C' depending on the dimension and
the coefficients in the expression such that

ST| < CIS|IT].
Proof. By Cauchy-Schwarz inequality, (9°?T,3)° < nT,sT**. Then
§+T| < C)IS@T g™ © (g% < )T |S|IT].

Let k € N, and set, for a tensor T', F,(T) = Z V'T « VT « V*T.

r4s=k,r,s>0

Lemma 5.6. Let k € N. Let p € [2,+o0] and q € [2,400) such that Zl) + % = 1. There exists
C(n, k,p,q, F) such that for all tensor T,

[ VBT, < CUTIIT IR
M

Proof. Let us consider one term in F,(T') that can be written V'T x VT « V*T, r, s > 0.
Using Lemma 5.5 and Holder’s inequality we have

[ TS Ty, < ¢ [ TSI,

NIV TN VTNl VT g

<
< CNTNap 1Tz T g

H.2

<

where L = £ 4 £ Clearly L 4+ L = 1. Using Lemma 5.2 we get
Ti q T1 T2

/M VT % VT 5 VAT dpig < C|| T[T
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The result follows since F,(T) is a linear combination of such terms.

5.2. Curvature estimates.
In this section we prove the following theorem:

Theorem 5.7. Assume p < m If g(t) is a compact solution of the RB flow for t € [0,T)
such that

sup  |Riem(z,t)| < K,
(z,t)eM x[0,T)

then for all k € N there exists a constant C(n, p, k, K, T') such that for all t € (0,T]

C
IV Ricmn [} < 17 sup [ [Riem, [ di,.

t2 tclo,T)

Proof. We prove the theorem by induction on k. A direct computation gives

%|Riem|2 = A(|Riem|?) — 2|VRiem|* — 8pR;;V'V’R + Riem x Riem * Riem

0
aR’" = (1-2(n—-1)p)AR?) —2(1 —2(n —1)p)|VR|* + 4R|Ric|* — 4pR?.
It follows that
0 L
a_/ [Riem|* dpu, = —2/ |VRiem|? dy, — Sp/ R;;V'V/Rdu,
t M M
+ / Riem * Riem * Riem dy,
M
62/ R*du, = —2(1—2(n— l)p)/ IVRI|? du, +/ Riem * Riem % Riem dy, .
t M M

Now we want to compute [, R;;V'V/R dp,. Using Bianchi identity we have:

. 1
/ RijszJRdﬂg:—ﬁ/ IVR|? dp, .
M M

We conclude that
0
5 / |Riem|* dpu, = —2/ |VRiem|? dp, + 4/)/ IVRI|? du,
M M M
+ / Riem * Riem * Riem dj4
M
0 / R*du, = —2(1—2(n— 1),0)/ IVR|? dp, + / Riem * Riem * Riem dy,, .

Consider

. 4lp|
A ::/ V*Riem|? du, + / V*R2 du
N T TRl T
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and set 5 := min(1,1 — 2(n — 1)p). We have by a direct computation:

0

v _ c 2 _ Alp|B / 2

+ / Riem * Riem * Riem dp,, .
M

Note that —2 + 5 < 0 and 4p — 8|p| + % < 0. Using the assumption on the
boundedness of |Riem| we have:

%Ao + BA; < C||Rieml|3.

Consider f(t) := Ag + ptA;. We have
fi(t) = Ay + BA, + BtA, < C||Riem|)5 + CBt||Riem|3 < C(1 +t)||Riem||3 .

It follows, integrating this inequality
o2 1 Cini 2
|VRiem|* dp, < Ay < — f1(t) < —||Rieml|5.
M gt t

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

More generally, we want to control all the derivatives of the curvature. Assume that
the conclusion of the theorem is true up to (k — 1). As we did before, a straightforward
computation gives:

g/ |VFRiem|* dp, = —2/ ]Vk+1Riem|2d,ug+4p/ |VFHR|? dp,
t M M M

+ Z /M V'Riem * V*Riem * V*Riem dj,

r+s=k,r,s>0
0
5 [ IVREdn, = —20- 20 1) [ [VHOREdg,
M M

+ > /M V'Riem * V*Riem * V*Riem dyi .

r+s=k,r,s>0

We need to estimate Y ., . oo [,; V'Riem * V*Riem % V*Riem dp,. For this we use
Lemma 5.6 with p = o0 and ¢ = 2:

Z / V'Riem * V*Riem * V*Riem dy, < CHRiemHOOHRiemH?{z .
M

r+s=*k,r,s>0
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Using Lemma 5.2 we get

Z / V'Riem * V*Riem * V*Riem dy, < C||Riem||||V*Riem||?

r4s=k,r,s>0

+ C||Riem || ||Riem |3
< C||Riem||oo || Riem o || V¥ ERiem |
+ C||Riem || o ||Riem |3
1
< §||Vk+1kRiem||§
+ C(|[Riem]|%, + [|Riem]|o ) | Riem]3

Similarly as before, and using this last estimate, we have

0
8tAk + BAks1 < C||Riem]|3 .
k
Now define f.(t) Z ;- We have
k— Bt Btk
filt) = Zj— (A5 + BA 1) + A
j=0 :

kL gipi
< CHRiemngﬁT < C(1 + 1) [Riem|Z.
Jj=0 ’

Now, integrating this inequality,
, k! C ..
[ 9 Rienf? diay < A < e () < Gl Riem .
and this ends the proof of the theorem.

5.3. Long time existence.
In this section we will prove the following result.

Theorem 5.8. Assume p < 5. If g(t) is a compact solution of the RB flow on a maximal
time interval [0,T), T < +oo, then
lim sup max |Riem(-,¢)| = +o0.
t—T M

Proof. If the Riemann tensor is uniformly bounded as ¢ — T', by using the interpolation
inequalities in Lemma 5.3, from Theorem 5.7 we immediately get the estimates

/ |VkRiem\pdug < Cip,
M
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forall k € Nand p < +oc. Now, let E}, := |[V*Riem|?. Then, for all p < +o0o we have
[ (B + 9B dny < G,
Thus, by Sobolev inequality, if p > &, one has
max B, < C) /M (P + [VEP) dy.

Notice that the constant C; depends on the metric ¢(t), but it does not depend on the
derivatives of g(t). Moreover, from [18, Lemma 14.2], it follows that the metrics are
all equivalent. Hence, the constant C; is uniformly bounded as ¢ — 7" and, from the
previous estimates, it follows that, if |[Riem| < C'on M x [0,T)], for every k € N one has

max |VFRiem| < Oy,

where the constant Cj, depends only on the initial value of the metric and the constant
C.

Arguing now as in [18, Section 14], it follows that the metrics ¢g(t) converge to some
limit metric g(7") in the C* topology (with all their time/space ordinary partial deriva-
tives, once written in local coordinates), hence, we can restart the flow with this initial
metric g(7"), obtaining a smooth flow in some larger time interval [0, + ¢), in contra-
diction with the fact that 7" was the maximal time of smooth existence. This completes
the proof of Theorem 5.8.

6. THE SOLITONS

We pass now to the analysis of gradient p—Einstein solitons. All the results of this
section can be found in [8] and [9]. We say that a gradient p-Einstein soliton is a Rie-
mannian manifold (M, g), n > 3, endowed with a smooth function f : M — R, such
that the metric g satisfies the equation

Ric + V2f = pRg + Mg, (6.1)

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

Corresponding to special values of the parameter p, we refer to the p—Einstein solitons
with different names, according to the Riemannian tensor which rules the flow. Hence,
for p = 1/2 we will have Einstein solitons, for p = 1/n traceless Ricci solitons and for
p = 1/2(n — 1) Schouten solitons.

In this section we will collect some facts concerning gradient p—Einstein solitons. First
of all, it is easy to show that gradient p—Einstein solitons give rise to solutions to the RB
flow (1.1).

Theorem 6.1 ([9]). If (M, go, fo) is a complete gradient p—Einstein soliton with Einstein con-
stant )\, then there exist

i. a family of metrics g(t), solution to the RB flow (1.1), with g(0) = go,
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ii. a family of diffeomorphisms ¢(t) : M — M, with ¢(0) = ida,
iii. a family of functions f(t) : M — Rwith f(0) = fo,
all three defined for every t such that 7(t) := —2\ 4+ 1 > 0. These families have the following
properties:
1. the family ¢(t) is generated by the vector-fields

1
X()(x) = m(vg‘)fo)(cb(t)(z)) (6.2)
ie. 5 .
g W@) = 255 (Vo) (6(0)(@)) (63)
2. the metric g(t) is given by pullback through ¢ and rescaling, i.e.
g(t) = T(t)o(t)" g0 (6:4)
3. the function f(t) is given as well by pullback, i.e.
f(t) = fooo(t) . (6.5)
Proof. We set 7(t) = —2Mt + 1. As V% f, is a complete vector-field, there exists a 1-

parameter family of diffeomorphisms ¢(¢,- ) : M — M generated by the time dependent
family of vector fields X (¢,-) := % Vo fo(o(t,-)), for every t such that 7(¢) > 0. We

alsoset f(t,-) = (foo ¢)(t,-) and g(t) = 7(t) ¢(t)* go. We compute
0 2\ 0 .
Eg(t) = —mg(t) + 7(t >8t¢( )90 -
By the definition of the Lie derivative, we have that (¢, -)*go = £/ 1), 24(199(t, )"0
On the other hand, equation (6.3) implies that
9y _ 1 gw _ ! o(t)
where we used the fact that ¢(t,-)*V% f, = V¢t "0t ) f, = VIO f(¢,-). Combining
these two facts, we have that
0 2\ 1
ag(t) = —mg(t) + mgvg(t)f(t,-)g(t) :

Having this at hand, we compute

—Ricyqy = o, )" (—Ric(go)) = ¢>(t,-)*(lfvgofogo - Ago — pR(go)go)
= i(é Lot = —oshalt)) = o R al0) o)
— 59l — < RO a0 gl0)
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and we observe that R(7(t)"'g(t)) = 7(t) Rg). In other words, we have obtained

0 .
gg(t) = —2[Ricyy) — pRyw g(t)] ,

and the proof is complete.
Concerning the regularity of this structures we have the following result.
Theorem 6.2 ([9]). A gradient p—Einstein soliton is real analytic, provided p # 1/n.

We say that a smooth function f : M — R is rectifiable in an open set U C M if and
only if |V fiy| is constant along every regular connected component of the level sets of
fiu- In particular, it can be seen that f;;; only depends on the signed distance r to the
regular connected component of some of its level sets. If U = M, we simply say that f
is rectifiable. Consequently, a gradient soliton is called rectifiable if and only if it admits
a rectifiable potential function. The rectifiability turns out to be one of main property of
the p—FEinstein solitons, as we will show in the following theorem.

Theorem 6.3 ([8]). Every gradient p—Einstein soliton is rectifiable.

Moreover it can be proved that, locally, the solitons can be foliated by hypersurfaces
with constant mean curvature and constant induced scalar curvature, about a regular
connected component of a level set of the potential f. It is worth noticing that Theo-
rem 6.3 fails to be true in the case of gradient Ricci solitons. In fact, even though all of
the easiest nontrivial examples — such as the Gaussian soliton and the round cylinder
in the shrinking case, or the Hamilton’s cigar (also known in the physics literature as
Witten’s black hole) and the Bryant soliton in the steady case — are rectifiable, it is easy
to check, for instance, that the Riemannian product of rectifiable steady gradient Ricci
solitons gives rise to a new steady soliton, which is generically not rectifiable.

Finally, we list here some classification results. First of all in the compact case we have
the following

Theorem 6.4 ([8]). Let (M,g), n > 3, be compact gradient p—Einstein soliton. Then, the
following cases occur.
(i) If p <1/2(n — 1), then either A > 0 and R > 0 or the soliton is trivial.
(i-bis) If p = 1/2(n — 1), then the soliton is trivial.
(i) If1/2(n — 1) < p < 1/n, then either A < 0 and R < 0 or the soliton is trivial.
(iii) If 1/n < p, the soliton is trivial.
In particular, for solitons corresponding to these special values of p, we get
Corollary 6.5. Every compact gradient Einstein, Schouten or traceless Ricci soliton is trivial.
In the general (also noncompact) case the following results were proved.

Theorem 6.6 ([8]). Let (M, g) be a three—dimensional gradient p—Einstein soliton with p < 0
and X < 0orp > 1/2and X\ > 0. If (M, g) has positive sectional curvature, then it is rotationally
symmetric.
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Theorem 6.7 ([8]). Let (M, g) be a complete n—dimensional, n > 4, locally conformally flat
gradient p—Einstein soliton with p < 0and A < 0or p > 1/2and X > 0. If (M, g) has positive
sectional curvature, then it is rotationally symmetric.

We say that a Riemannian manifold is rigid if, for some k € {0, ..., (n—1)}, its univer-
sal cover, endowed with the lifted metric and the lifted potential function, is isometric to
the Riemannian product N* x R"~*, where N* is a k-dimensional Einstein manifold and

A

f = $|z|* on the Euclidean factor. We also recall that g has nonnegative radial sectional

curvature if Riem(E, Vf, E, V) > 0 for every vector field £ orthogonal to V f.

Theorem 6.8 ([9]). Let (M, g) be a complete, noncompact, gradient shrinking p—Einstein soli-
tonwith 0 < p < 1/2(n—1). If g has bounded curvature, nonnegative radial sectional curvature,
and nonnegative Ricci curvature, then (M, g) is rigid.

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

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

Ric + V2f = g+ g,

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

Theorem 6.9 ([8]). Every complete gradient steady Schouten soliton is trivial, hence Ricci flat.

In particular, every complete three-dimensional gradient steady Schouten soliton
is isometric to a quotient of R*. In analogy with Perelman’s classification of three-
dimensional gradient shrinking Ricci solitons [25], subsequently proved without any
curvature assumption in [5], we have the following theorem.

Theorem 6.10 ([8]). Let (M, g) be a complete three—dimensional gradient shrinking Schouten
soliton. Then, it is isometric to a finite quotient of either S*, or R® or R x S2.
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