CHAPTER 4

Preserved curvature conditions

1. The strong maximum principle for functions

What happens if the scalar curvature attains its minimum at an interior space-time point along
the Ricci flow 7 The answer is obtained through the use of the strong maximum /minimum principle.

Lemma 4.1. Let (M, g(t)).cj0,1) be a smooth one-parameter family of metrics on a connected manifold
M without boundary and let v : M x [0,T) — R be a smooth function that satisfies

ou
ot = Patyt-
Ifu>0 on M x[0,T) and u(xo,ty) = 0 for some xog € M and to > 0 then u(x,t) =0 for allx € M

and t € [0,1p).

PROOF. There are many proofs of this result. We present two of them and we invite the reader
to consult the reference |PW84| for instance. The order we choose reflects the amount of additional
assumptions we make on top of those of Lemma[4.1]

First proof: Assume M to be compact. By the minimum principle Lemmal[3.1] u(xz,t) > v(, t)
where v solves %v = Ayyv on M x (0,7T) and v(z,0) := u(z,0) for x € M. Then take for granted
that there exists a kernel called the heat kernel, denoted by K(z,t,y,s) for two space-time points
(z,t) and (y,s) in M x [0,T) with s < ¢ such that the following representation formula holds true:

U(]J,t) = / K(m,t,y,s)v(y,s) dug(s)(y)7 t>s>0,ze M (11)
M

It can be shown that K(z,t,y,s) > 0 for all such space-time points. In particular, if u(zo,ty) = 0
for some point (zg,t9) € M x (0,7T") then v(xo,tp) = 0 which forces the vanishing of v(-, s) for all
s < to thanks to (L.I). This implies in particular that u(-,0) = v(-,0) = 0 identically on M. The
previous reasoning can be applied to any time s € [0, ty).

One drawback of this proof is that it uses the notion of heat kernels whose existence in this
setting is not straightforward and whose proof of its positivity relies on... the minimum principle!
The major drawback however is that the strong maximum principle is a local statement whereas the
previous proof gives the feeling that it is global.

Second proof:

If Q is an open subset of M with smooth boundary that contains xg then let us consider the
auxiliary solution to %v =Aypv on Qx (0,T) and v(-,t) := u(-,t) on © x {0} UIQ x [0,T). Then
(an easy adaptation of) the minimum principle Lemma ensures that u(z,t) > v(z,t) > 0 for
(z,t) € Q x [0,T). Now we invoke the parabolic Harnack inequality for nonnegative solutions to
parabolic PDEs: for all ' cC Q and each 0 < s <t < T, there exists C' depending on €, s, t and
the metrics g(-) such that:

supv(+,s) < Cinfo(-,t
Q/ Q/

If we apply this inequality to t = tg and s < g, we get v(:, s
if u(xwg,to) = 0. In particular, we have proved that u(-,s) =
all such sets 2. This ends the proof.

).
) = 0 since v(zo,t0) = 0 = ming o7 v
v(+,8) = 0 on 99N for all s € [0,ty) and
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The advantage of this proof modulo that of the parabolic Harnack inequalities is that it is purely
local. The proof of the parabolic Harnack inequalities can be found for instance in [Eval0, Chapter 7,
Theorem 10] in the case of smooth coefficients and we present it below in our Riemannian setting. [0

Proposition 4.2. Ancient solutions to the Ricci flow (M, g(t))ie(—oco,r) 0N @ closed manifold have non-
negative scalar curvature. More precisely, they are either Ricci flat or have positive scalar curvature,
i.e. either Ric(g(t)) =0 on M for allt <T or Ry >0 for allt <T.

PROOF. Let us show first that ancient solutions to the Ricci flow have nonnegative scalar cur-
vature. According to Proposition Ry > —g; for all t € [0,7). This lower bound does not
depend on T'. Since the solution is assumed to live on (—o0,T'), we apply the previous reasoning to
the translation of this solution by some time 7" > 0: Ry > —ﬁ for t € [-T",T]. Fix some
time ¢ in this interval and let 7" go to +o00 to reach the desired estimate.

The strong minimum principle Lemma applied to the evolution equation satisfied by Ry
implies that either Ry > 0 for all t € (—00,T) or Ryy =0 for all t € (—o0,T'). Now Proposition
also implies that |Ric(g(t))|§(t) =0 for all ¢t € (—o0,T'). This ends the proof.

O

2. Baby Harnack differential inequality

In this section, we give a proof of a local version of the so called Harnack differential inequality
for positive solutions to the heat equation:
Recall that on Euclidean space (R™, eucl), the heat kernel

2
k(x7 t7y7 8) = (47T(t — S))ig exp {_M} 7
— 5
for z, y in R™ and s < t. Observe that:

Am Ing('atayaS) + ) = 8if Ing('atayaS) - |VIng|2('at7y75) =0.

n
(t—s)
Theorem 4.3. Let (M™,g) be a complete Riemannian manifold and let u be a positive solution to

the heat equation: Oyu = Agu. Then, for all Q' CC Q, Q a bounded domain of M, and for each
0 < s < t, there exists C' depending on €2, s, t and the metric g such that:

supu(-,s) < Cinfu(-,t).
Q/ Q/

Remark 4.4. Theorem is stated for a time-independent metric g but the proof is robust enough
to handle smooth 1-parameter families of metrics.

PROOF. By covering (' by balls whose radii are smaller than the injectivity radius of g on €, it
is enough to prove this inequality on such balls. We assume u to be positive, otherwise, we apply
our reasoning to u + ¢ for € > 0.

Let v :=logu and let us compute the evolution equation satisfied by w := Agwv:

A
O = =2 = Agv+ [VI[2 = w + | V02,
u

Ow = Ay (Opw) = Agw + 2|V9’2v|3 +29(AyVIv, VIv)
= Agw + 2|V9%0|2 + 2 Ric(g)(VIv, VIv) + 29(VIw, VIv),

where we have used the Bochner formula in the last line. Since the Ricci curvature is bounded from
below on €2,

Ow > Agw + 2|Vg’2v|§ - C’|V9’v|3 + 2¢9(Vw, V).
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Let us use |ng|§ as a barrier:
| VI[2 = 29(VI(Agv + [V902), VI0)
= 29(AgV9v, V9v) — 2 Ric(g)(V9v, VIv) + 29(VI| V0|2, VIv)
= Ag|V9|2 — 2|V9?0|2 — 2Ric(9)(V9v, V9v) + 29(V9 V0|2, VIv)
> Ag|VI0[2 = 2|V920]2 — C|VIv[2 + 29(VI V90, VIv),

since the Ricci curvature is bounded from above on €.
Therefore, the function w := w + A|V9v|§ for A > 0 satisfies:

(00— Ay — 29(V70, 97)) @ > 2(1 — A)[VI20[2 — C(1 + A)|Vo?
> V9202 — 'V,

if A € (0,1/2] and where C' = C'(Q,n, A).
In order to localize the previous differential inequality satisfied by w, let us consider a ball
By(x,r) with z € Q" and r < inj,(x) and a smooth cut-off function ¢ defined on M x (0,T) so that

@ =1on By(x,7r/2) x [s,t] and ¢ =0 on IBy(z,7) x (0,T) U By(x,r) x {0}.
Then:
(0 — Ay —29(VIv,VY")) (chﬁ)) > @ (0 — Ay — 29(VI0,V9)) o* — 2g(VIp?, VIQ)
T 2IVI20[2 - O |V ?

> @2|V9’2v|§ — Cpw| Vv, — 202g(VIp? VIG) — C<p2|V9v|3 — Cw,
where C' depends on r and the derivatives of ¢. Now, the Cauchy-Schwarz inequality gives n|VY ’2v|§ >
(Ag4v)? which implies after multiplying the previous inequality across by (?:

~ 1 -
@ (0 — Dg —29(V90, V) (¢%0) > —'|Agu]? — C@?|i]| 0]y — Cp' V903
— Cp?|w| = 2¢°g(VIp?, VI0).

If there exists (xg,t9) € M x (0,T) such that @*w(xg,to) < 0 then tg > 0, P2VID + wVIe? = 0 at
that point and:

1 Q. - ~
0> —@*|Agu]* — C&° || V9v]y — Cp*|VIuff — Cp? || — 26°9(V99?, V9)

Y

1 . . .
~'|Agu[* = CE° | Vly — Cp'[VIvfg — O[] — 20| V9% ]

AV

1 _ .
ﬁw“lﬁg’le — O] |V9u]y — Ct Vo] — Cp?lal,

at that point. Since w(xo,t0) < 0, this implies [V90[2 < A7 (=Ayv) < A7HA | and |@] = —w <
|Agv| at that point so that:

1 - 1 -
0= EWAngQ — CP°0]| Agv|Z — Co*|Agu| — C?| |

3
2

1
> —[p*Agul* = C(p?|Agv])% = Co®| Agv| = Cp*|Ago]

where C is a positive constant that may vary from line to line and where we have used the fact that
0 < ¢ < 1. Young’s inequality used appropriately implies that there exists a positive constant C
such that p?w(xg,tg) > —C.

This means that on By(z,7/2), @ = Aglogu+ A|V9logul? > —C. This in turn implies that

1
Oclogu > (1 — A)\Vglogu@ -C> §|V910gu|§ -C.
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If z and y are points in Bgy(x,7/2), then choose a minimizing geodesic v(7) connecting x = v(0)
to y = (1) and consider the function log u(v(7), (1 — 7)s + 7¢) as a function of 7:

log u(z,t) — logu(y, s / — logudr
= / g(VIogu,¥) + (t — s)0 log udr
0

! 1

> [ vroguyfily + (¢ - 9) (G197 ogult - € ) ar
0

2 _Cla

where C’ depends on dg(z,y) < r and t — s and the geometry of €'.
This implies the desired result.
O

Remark 4.5. Notice that we have not been too subtle on the sign of the Ricci curvature in the
previous proof. See exercices.

3. Maximum principles for symmetric 2-tensors

This section is devoted to the proof of the following maximum principle for symmetric 2-tensors:

Lemma 4.6. Let (M", g(t))e(o,r) be a smooth one-parameter family of metrics on a closed manifold.
Let T(t) be a one-parameter family of symmetric 2-tensors satisfying on M x (0,T):
t
570 = Dy T() + V(L T(0) + Sr(t).
Here Sp(t) = S(T(t),g(t)) is a one-parameter family of symmetric 2-tensors satisfying

(i) the null-eigenvector assumption: if T'(p,t)(v,-) = 0 for some v € T,M then Sr(p,t)(v,v) > 0;
(ii) @ Lipschitz condition: if Ti(t) and Ta(t) are symmetric 2-tensors, then

|91, (t) = 51, (D)l g2y < CITa(t) = T1(8) g0,

for some constant C = C (supMX[O’T] (|T1(t)|g(t) + |T2(t)\g(t))>.
If T(0) > 0 then T(t) > 0 fort € (0,T).

PRrROOF. The idea consists in using the maximum principle for functions as stated in Lemma
Let us assume by contradiction that 7'(t) is not non-negative for some time ¢ which is necessarily
positive. Then there must be a first time ¢; and a point z; together with a tangent vector vy € T, M
such that T'(x1,t1)(v1,-) = 0. In particular, by definition of such space-time point, T'(z, s)(w, w) > 0
for all z € M, s € [0,t1] and w € T,M. Extend the vector v; to a vector field defined on a
neighborhood of (z1,%1) in a time-independent way as follows: on a ball of radius small enough (less
than half the injectivity radius of M say), define V; by parallel transport along geodesics starting at
21 so that VIOV, =0 at 2.
The function T'(¢)(V1, V1) defined on a neighborhood of (x1, 1) satisfies the following differential
inequality at the point (z1,%1):
0
ot
because of the null-eigenvector assumption on S(t). Moreover, the righthand side is nonnegative and
the lefthand side is nonpositive because of the definition of ¢;. This does not give a contradiction
yet. To do so, we apply the above reasoning to the tensor T(t) := T'(t) 4+ &(8 + t)g(t) where £ > 0
and § > 0 to be chosen later. This is reminiscent of the trick in the proof of the weak maximum
principle.

T(t1)(Vi, V1) = Dy (T(2)(Ve, V1)) + X (t1) - T(81)(Vi, V1),



3. MAXIMUM PRINCIPLES FOR SYMMETRIC 2-TENSORS 41

Observe that if t € [0, 6]:
0 ~ 0

ST = S T(0) + = (9(t) — 200 + ) Rie(g(1)))

> Ay T() + VLT () + Sr(t) + ¢ (1 ~ 16 sup | Ric(g(t))lg(t>> g(t)

= Ay T() + VEOT() + Sp() + Sg(t) = CIT(®) = T(0) y9()

> DgyT(t) + VR0 T(E) + Sz(8),

provided ¢ < § < (8sup sy (o.77 | Ric(g(t))|g)) " and 46nC' < 1. We are then in a position to apply
the first reasoning to 7' to derive a contradiction so that T(t) > 0 on [0,4]. This lets us send ¢ to
0 and we deduce that T'(t) > 0 on [0,0]. Repeating this reasoning a finite number of time ends the
proof of the lemma. O

As a consequence of Lemma@ we are in a good position to prove that nonnegativity of Ricci
curvature in dimension 3 is preserved along the Ricci flow:

Proposition 4.7. Let (M?, g(t))cp0,r be a solution to the Ricci flow on a 3-dimensional closed Rie-
mannian manifold.
If Ric(g(0)) > 0 then Ric(g(t)) > 0 for t € [0,T].

PROOF. Recall the evolution equation of the Ricci tensor derived in Proposition

9 . . ° . . .

57 Hclg(8)) = Ay Ric(g(?)) + 2 Rm(Ric(g(t))) — 2Ric(g(?)) o Ric(g(t)) -
=:SRic(t)

Now, all we need to check is whether the tensor Sg;. satisfies the so called null-eigenvector condition.

This fact is proved by recalling the very special algebraic structure of the Riemann tensor in terms
of the Ricci tensor in dimension 3:

Sric = 3Ry Ric(g) — 6Ric(g) o Ric(g) + (2| Ric(g)[2 — R2)g.
If Ric(g)(v, ) = 0 for some non zero vector v € T,M then Sgic(v,v) = (2| Ric(g)|2 — Rg)g(v, v). By

diagonalizing Ric(g) at a point p € M, it is not difficult to check that 2| Ric(g)|2 — RZ > 0 at that
point since 0 is an eigenvalue. This ends the proof of the proposition. O
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4. Exercises

Exercise 4.8. The purpose of this exercise is to show a integral version of the maximum principle on
non-compact manifolds. Let (M™,g) be a complete Riemannian manifold and let u be a Lipschitz
weak subsolution of the heat equation Opu < Agu on M x [0,T] such that u(-,0) <0 on M. Define
uy = max{u,0} and assume that there exists @ > 0 such that e=*% Py, € L2(M x [0,T]) for
some point p € M.

(i) Consider the weight function w(x,t) := 7% for x € M and t € [0,tg). Prove that
oyw + |V9w|§ < 0 almost everywhere.

(ii) Let ¢r be a cut-off function with values into [0,1] such that ¢r =1 on By(p, R) and ¢p =0
outside By(p, R+ 1) with bounded gradient on M.
o Justify the existence of such a cut-off function.

e Show that there exists a universal positive constant C such that for all R > 0:

t0/2
/“i@%ewdﬂg SC/ /ui|VggoR|§ewdugdt.
M t=to/2 0 M

e Conclude by proving the existence of to sufficiently small such that uy(-,t) = 0 for t €
[07 tO/Q] .
(iii) Adapt the above reasoning to show that a Lipschitz weak subsolution u to the heat equation along

the Ricci flow with bounded curvature on compact time intervals that is initially nonpositive
remains so for later times.

Exercise 4.9. Prove that Proposition [{.4 also holds for complete solutions to the Ricci flow on a
non-compact manifold with bounded curvature on compact time intervals.

Exercise 4.10. Assume that (M™, g) is a closed Riemannian manifold with nonnegative Ricci cur-
vature. By inspecting the proof of Theorem prove the so called Li-Yau Harnack differential
inequality: for all (z,t) € M x (0, 00),
n n
Aglogu(z,t) + %= O¢logu(z,t) — |V9log u|3(x,t) + % > 0.
(The same inequality holds for a complete non-compact metric with non-negative Ricci curvature but
the localisation is more subtle than in the proof of Theorem since the desired estimate requires to
be independent of the cut-off function.)
Show that for all x, y in M and 0 < s < t,

o= () e (5

Exercise 4.11. Deduce Yau’s Liouville theorem from the previous exercise that a positive harmonic

function on a complete Riemannian manifold with non-negative Ricci curvature is constant.



