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YAMABE FLOWS AND EXTREMAL ENTROPY
ON COMPLETE MANIFOLDS

PABLO SUAREZ-SERRATO AND SAMUEL TAPIE

ABSTRACT. We introduce curvature-normalized versions of the Yamabe flow on complete manifolds
with negative scalar curvature, for which we show long time existence of solutions and convergence
of these flows to complete Yamabe metrics. We apply them to study the extrema of the topological
entropy in conformal classes and offer an entropy-rigidity theorem for convex-cocompact surfaces:
extrema of the entropy are the metrics whose closed geodesics coincide with those of the unique
hyperbolic metric conformally equivalent to the initial one. On convex-cocompact manifolds of
higher dimension, we show that local extrema of the entropy have constant scalar curvature on
their non-wandering set.

1. INTRODUCTION

Geometric flows have been extensively used during the last twenty years to deform a given
Riemannian manifold into one with some more symmetries, such as constant curvatures.

In this article, we focus on the case of manifolds with negative scalar curvature and infinite
volume. On these, we introduce Curvature-normalized versions of the Yamabe flow, which converge
smoothly to a Yamabe metric as soon as the Riemannian curvature tensor of the original metric
is uniformly bounded. We then use these flows to study the extrema of the topological entropy on
convex-cocompact manifolds. A similar study was carried out for compact manifolds in [SSTT11].
Some technical computations are identical in the compact case and in the complete case: for these
we will refer to [SST11], and here we will focus on the specifics of non-compact manifolds.

Let (M, g) be a complete Riemannian manifold whose scalar curvature R, satisfies Rynin < Ry <
Rinaz < 0. We will say that a family of complete metrics (g¢).c(0,7) is an increasing Curvature-
normalized Yamabe flow if it is a solution of the PDE

0

% = (Rmaz — Rg,)9:  with initial condition gg = g.

We will denote such a solution by CYFT. Similarly, we will say a family of metrics (9t)iepo,r) is a
decreasing Curvature-normalized Yamabe flow if it is a solution of the PDE

g1

ot
It will be denoted by CYF ™. Recall that a metric with constant scalar curvature is called a Yamabe
metric. Section 2 is dedicated to the study of these flows.

The Yamabe flow was introduced by Hamilton in [Ham89|, and its first properties on com-
pact manifolds were published by Ye in [Ye94]. Long time existence and convergence of the
Volume-normalized Yamabe flow have been established for most compact manifolds, see the work
by Schwetlick-Struwe [SchS03| and by Brendle [Bre05], [Bre07] and references given there. On com-
plete manifolds, our work only considers the case of negative scalar curvature, which is analytically

= (Rpmin — Rgt)gt with initial condition g9 = g.
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simpler. Indeed, as we will see in Section 3, our approach to study the extrema of topological
entropy is only relevant for negatively curved manifolds.

Theorem 1.1. Let (M,g) be a complete Riemannian manifold whose scalar curvature satisfies
Rmin < Rg < Rmax <0.
(1) The increasing Curvature-normalized Yamabe flow CYF (with initial condition gy = g)
has a solution defined for all t > 0, which we will denote by (g, )i>o-
Similarly, the CYF~ has a solution defined for all t > 0, which we will denote by (g; )t>0-
(2) For allt >0, the scalar curvature bounds are preserved along these flows:

Rmin < Rg?' < Rmaza

Rmin < Rgt— < Rmax-
(3) For all x € M, the application t v g, () is increasing and t — g; () is decreasing.
(4) For all x € M, the flows’ solutions g;r and g, are uniformly bounded:

min max

go < g <

go and go=>g; > 90-

max min
(5) Assume moreover that the Riemannian curvature tensor of gy is uniformly bounded, and
let gy be the unique Yamabe metric in the conformal class of go with scalar curvature
Ry, = —1. Then on all compact sets and for all k > 0, the CYFT converges exponentially

fast in the C* topology to

_ Y
Imax |Rmax| .
Similarly, for allk > 0 the CYF™ converges exponentially fast in the C* topology on compact
sets to
o _ 9y
Imin |Rmzn| .

Remark 1. In general, CYF could have many solutions, as has been shown by Giesen and Topping
in [GT09|] for surfaces. However, it seems likely that there is a unique solution with uniformly
bounded conformal factor with respect to the initial metric.

The monotonicity of these Curvature-normalized Yamabe flows implies, in particular, the follow-
ing Schwarz Lemma, whose first proof is due to Yau in [Yau73).

Corollary 1.2 (Conformal Schwarz Lemma). Let (M, g) be a complete Riemannian manifold with
bounded sectional curvatures whose scalar curvature satisfies Rpyin < Rg < Ripae < 0. Let gy be
the Yamabe metric in the conformal class of g with constant scalar curvature —1. Then
gy <g< gy _
’Rmzn’ ’Rmax’
We conclude our study of the Curvature-normalized Yamabe flows by showing that for a short
time they preserve negative sectional curvatures (this is an issue since our manifolds are not com-
pact).

Theorem 1.3. Let (M, g) be a complete Riemannian n-manifold, n > 3, with pinched negative
sectional curvatures K:
—b* < K, < —a*<0.
Assume moreover that |V,Ry| and |AyR,| are uniformly bounded. Let (g, )i>0 and (g; )e>o be the
solutions of the CYF" and the CYF~ with initial metric g. Then for all € > 0, there exists T, > 0
such that for all t € [0,T¢],
b —e< K <—a’te and —b0?—e<K - <-d’+e
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We will actually prove in Theorem a stronger statement, showing that 7, > Cé” for some
positive constant C' and 3 € (0, 1).

Extrema of the entropy have been shown to be very symmetric metrics in many situations. This
study was initiated by Katok in [Kat82] showing that on compact surfaces, the hyperbolic metrics
are the entropy minimizers. It was then shown by Hamenstaedt in [Ham90] that, if (M, gg) is a
locally symmetric compact Riemannian manifold such that sup Ky, = —1, then it is the unique
minimum for the topological entropy among all metrics in M with sectional curvatures less than or
equal to —1. This is called entropy-rigidity of symmetric spaces. A stronger version of this
result was shown by Besson, Courtois and Gallot in [BCG95], showing that when the volume is fixed,
a compact locally symmetric manifold with negative sectional curvatures is the unique minimum of
the topological entropy. An extension of this result to the case of non-compact locally symmetric
manifolds with finite volume, as well as product of such spaces, was published by Connell and
Farb in [ConFar03]. On the other hand, Ledrappier and Wang have shown in [LW09|] that given
a lower bound on the Ricci curvature of a compact Riemannian manifold, a hyperbolic metric
strictly maximizes the topological entropy among all metrics. They have also extended their result
to complex-hyperbolic and quaternionic-hyperbolic manifolds. On compact manifolds with negative
sectional curvatures which do not admit any locally symmetric metric, not much else seems to be
known about the extrema of the entropy. We have shown in [SST11] that in each conformal class,
given bounds on the scalar curvature, the extrema of the entropy are exactly the Yamabe metrics.

When the manifold has infinite volume, even if it admits a locally symmetric metric, barycenter
methods as well as Hamenstaedt’s rank-rigidity methods may not work. This is usually the case
when the limit set of the fundamental group of the manifold is not the full boundary at infinity of
the universal cover. Even for a simple complete pair of pants (i.e. a complete metric on a thrice
punctured S? with infinite volume ends), no characterization of the extrema of the entropy was
previously known. When the hyperbolic metrics on a pair of pants run over the Teichmueller space,
results due to Patterson imply that the topological entropy goes over exactly the interval (0, 1) (see
Theorem . However, in each conformal class, there is a unique hyperbolic metric. We will show
in Section 4 that in each conformal class, the hyperbolic metric characterizes the extrema of the
entropy. A full entropy-rigidity statement in the conformal class will be shown in this context. For
higher dimensional manifolds, we get interesting properties of entropy extrema in Section 3.

Recall that a manifold with negative sectional curvature and bounded scalar curvature has a
uniformly bounded Riemannian curvature tensor. A manifold with negative sectional curvatures
is said to be convex-cocompact if there is a compact set containing all its closed geodesics. This
terminology was introduced by Sullivan for hyperbolic manifolds in [Sul79]. In Section 3, we apply
this flow to study extrema of the topological entropy on such manifolds. For any Riemannian
manifold (M, g), we will denote by €2, C M the closure of the set of closed geodesics for g, this
notation will be explained in Section 3.

The key fact which allow us to relate our study of Curvature-normalized Yamabe flows to the
topological entropy is the following, which will be shown in Proposition Assume (M, g) is
a convex-cocompact Riemannian manifold with negative scalar curvature, which satisfies R,,;p, <
Ry < Rpaz < 0. Then the topological entropy decreases along CYF' and increases along CYF™
as long as the sectional curvatures remain negative on both flows. Moreover, this change is strictly
monotonic along both flows when the scalar curvature is not extremal on some closed geodesics.
This implies:

Theorem 1.4. Let (M,g) be a convex-cocompact Riemannian manifold with negative sectional
curvatures whose scalar curvature satisfies Rmin < Rg < Rmaz < 0 and such that |[VyRy| and
3



Convex-core

FIGURE 1. On convex-cocompact manifolds, closed geodesics are contained but not

dense in the convex-core.

AgRgy| are uniformly bounded. Let MR, .. R,... be the class of all complete metrics g with Ryn <
< Ripaz < 0. We have the following.

(1) If (M, g) is a local minimum for the entropy in Mg
closed geodesics €.
(2) If (M, g) is a local mazimum for the entropy Mg

|
R;
then Ry = Rz on the set of

min 7Rmaz

then Ry = Rpin on m€l,.

min 7Rmaz

If the Yamabe metric gy has negative sectional curvatures or if the flows CYF* preserve negative
sectional curvature, we obtain stronger results:

Theorem 1.5. Let (M,g) be a convex-cocompact Riemannian manifold with negative sectional
curvatures whose scalar curvature satisfies Rypin < Ry < Ryar < 0. Let gy be the Yamabe metric
conformally equivalent to g with Ry, = —1, and (g; )i>0 and (g; )i>o0 be the solutions of CYF' and
CYF~ given by Theorem .
(1) If the sectional curvatures of gy are strictly negative, then the topological entropy of g
satisfies

V |Rmax|htop(gY) = htop(gmax) S htop( ) < htop gmzn =V |Rm'm htop gY

(2) Assume that the sectional curvatures K, + remain negative along the CYF*.
If hiop(9) = \/|Rmaz|htop(gy) then on the set of closed geodesics m€g,. , we have

gy
|Rma:c |

(3) Assume that the sectional curvatures K - remain negative along the CYF~.
If htop = /| Rminl htop gy) then on the set of closed geodesics m€g,. , we have

gy

In general it is very difficult to know whether the sectional curvatures remain negative along
the flow. Therefore, for manifolds of dimension n > 3, Theorem is much more interesting
than Theorem In Section 4, we deal with the case of surfaces, on which CYF automatically
preserve negative sectional curvature. We get a full characterization of entropy extrema on convex-
cocompact surfaces, which generalizes the results of Katok [Kat82] to the convex-cocompact setting.

4
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Recall that the Yamabe metrics (with negative curvature) on surfaces are proportional to hyperbolic
metrics. Our result is the following.

Theorem 1.6 (Conformal entropy-rigidity on convex-cocompact surfaces). Let (S, g) be a complete
convex-cocompact Riemannian surface whose Gauss curvature satisfies Kpin < Kg < Kipae < 0.
Let gy be the unique hyperbolic metric conformally equivalent to g.

(1) The entropy of g satisfies

V ’Kma:v’htop(gH) < htop(g) < V |Kmin’htop(gH);

(2) htop(g) = \/mhtop(ghr) if and only if the closed geodesics of g and gp coincide, with
— |K9m7Haz| and Ky = Kipag on Qg = 18dg,, ;

(3) hiop(9) = /| Kminlhiop(grr) if and only if the closed geodesics of g and gu coincide, with
g= |K9m7Hm| and Ky = Rpaz on Qg = 18y, .

On convex-cocompact surfaces with infinite volume, the closed geodesics are contained in the
compact convez-core, also called Nielsen core (cf. Figure |[1)). However, they are not necessarily
dense in this convex set, see for instance the study of the Hausdorff dimension of the closure of the
set of closed geodesics made by Ledrappier and Lindenstrauss in [LL03]. Theorem shows that
the convex-cocompact surfaces with extremal entropy are exactly those whose closed geodesics
coincide with the closed geodesics of hyperbolic metrics, and the metrics itself coincide (up to
scaling) on these geodesics. Combined with Yau’s Schwarz Lemma, this can be reformulated as
follows.

Theorem 1.7 (Conformal entropy-rigidity of hyperbolic convex-cocompact surfaces). Let (S, gg)
be a convez-cocompact hyperbolic surface. Let M(_o, 1) be the set of complete metrics on S with
Gauss curvature in (—A, —1] for some A >0 and M_; ¢ be the set of complete metrics on S with
Gauss curvature in [—1, —¢| for some € > 0.

(1) gg minimizes the topological entropy on M(_s _1). Moreover, any other metric g, €
M (_oo,—1] 18 @ minimizer for the entropy if and only if it has the same set of closed geodesics
as gg, and on this set, the metrics coincide.

(2) gg mazimizes the topological entropy on M|_y o). Moreover, any other metric gny € My )
18 a maximizer for the entropy if and only if has the same set of closed geodesics as gy,
and on this set, the metrics coincide.

This is the analogous result for infinite volume surfaces of the results by Hamenstéddt and by
Ledrappier and Wang mentioned above, restricted to a conformal class. As explained previously,
due to classical results of Patterson, it is not possible to get a global entropy-rigidity result gathering
all conformal classes.

Our line of attack is inspired by the paper of Manning [Man04], which shows that on compact sur-
faces with negative curvature, Volume-normalized Ricci-Yamabe flow decreases topological entropy.
Nevertheless, the proof we develop is quite different as Manning’s arguments do not generalize to
infinite volume surfaces.

Acknowledgements. We want to thank Gilles Carron for important remarks and crucial help in
the proof of Theorem [2.9] We thankfully acknowledge the support of of the CNRS-CONACYT pro-
gram LAISLA, and of the Fédération de Recherche Mathématique des Pays de la Loire for its sup-
port through its program GeAnPyL. ST also acknowledges the support of ANR grant GEODE, and
PSS was partially supported by project IACOD: 1B100111 from Universidad Nacional Auténoma
de México.
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2. CURVATURE-NORMALIZED YAMABE FLOWS ON COMPLETE MANIFOLDS

Let (M,g) be a Riemannian n-manifold, n > 3 such that Ry, < Ry < Rpyer < 0. It has
been shown by Aviles and Mc Owen in [AMc88] that there exists a Yamabe metric gmaz = Umazg
conformally equivalent to g with constant scalar curvature Ry, ... = Riae. It follows from Corollary
1.2 of [Yau73] that, as soon as the Riemannian curvature tensor is bounded, this Yamabe metric
is unique. We now introduce our Curvature-normalized Yamabe flows, which will converge to the
Yamabe metric when the curvature is bounded.

Definition 2.1. Let (M, g) be a Riemannian manifold such that Ryin < Rg < Rypax < 0. We will
call Curvature-normalized increasing Yamabe Flow (in short, CYF' ) a family of Riemann-
ian metrics (g¢)t>0 on M satisfying the following equations:

dg
aitt - (Rmax - Rgt)gt
g = g

Let us first show the existence of a global solution to this Yamabe flow.

Theorem 2.1. Let (M, g) be a Riemannian manifold such that Ryin < Ry < Rpar < 0. Then
there exists a solution g; = vig to the CYFT, with vg = 1, defined for all time t > 0. Moreover, it
satisfies for all t > 0,

Bomin
Rmaz '

Proof. Let (M, g) be a Riemannian manifold such that Ryin < Ry <mez< 0. Let (Kqu)aen be
an increasing family of compact subset of M, with smooth boundary, such that M = UyenKq.

o [¢]
We assume that whenever o < 3, then K, CKg. For all o € N, we set U, :=K,. We will first
find a solution for this Curvature-normalized Yamabe flow on compact sets with fixed boundary
conditions. Let o € N be fixed for a while.

Rpin < Rgt < Rz and vy < ’

Lemma 2.2. There exists e, > 0 and a unique family of metrics (ga,t)ieo,e] 00 M satisfying the
following conditions: for allt € [0, €],

Gat = g on M\U,,

99a
gtﬂf = (Rmax - Rgt)ga,t on Uon

Ja,0 = g on M.
We will call this (ga,t)ic(o,e.] the CYF' on Ko with fized boundary.

4

Proof. It has been shown by Yamabe in [Yam60| that, writing go = u(’;f g, we have

—nt2 f4(n—1
(1) Rgo, =tugi ? (HAgut + R,ﬂmm) .
' n—2
Therefore % = (Rmaz — Ry, )9t is equivalent to the following equation:
0 n+2 (n+2)(n—1)
(2) g (udy) = 0 (Rmaztiq, — Rgtta,t) — 5 Aglat,

where N = Z—J_“g > 1. This is a strictly parabolic equation as long as uq; stays bounded. Since

we solve it on an open set with compact closure, with boundary condition u, ¢ = 1 on 9U,, it has

a unique solution on t € [0, ¢,], for some €, > 0. g
6



It follows from Lemma 9 in [SSTII] that for all ¢ € [0,¢,) and all z € U,, the scalar curvature
of ga+ satisfies:
8Rgoc,t

3) 5t

Using the Maximum Principle given in Proposition this implies that for all time ¢t € [0, ¢, ), we
have

- _<n - I)Aga,tha,t + Rga,t (Rga,t - Rm(LT)

Rmin S Rga,t S Rmax-
Now, it follows from Lemma 12 in [SST11] (using the relevant form of the Maximum Principle)
that uq ¢ is well defined and satisfies for all ¢ € (0, ¢,),

4
Rmin

max

(4) 1<l <

This implies the global existence of the solution g, for all ¢ > 0.
If « < B € N, the Maximum principle given in Proposition implies that for all £ > 0 and at
all x € M, we have uq; < ugy. Let us define
4
up i=Supug, and g i=ul g,
a€eN

Lemma 2.3. For all k € N, all t € [0,00) and every compact set K C M, the functions (uq,)

converge when o — oo to u; uniformly in the C* topology. Similarly, 875‘? converges to %. In
4

particular, uy is smooth, the metric g; = u;"> g is a smooth solution to CYF" defined for allt > 0,
and it satisfies
Rmin < Rgt < Rmaz-

4 4
Proof. Let a < B € N, and let (go,: = u;f )e>0 and (g = ugf )t>0 be the solutions of the CYF™
with fixed boundary conditions on K, and Kg respectively.
It follows from equation that, for all ¢ > 0:

0 n-+2
() 5 (ufy — ugy) = 0

Moreover, let us define

(n+2)(n—1)

n—2 Ag(uﬁvt_ua,t)'

(Rmam(ulﬁ\{t - Uévt) — Ry(ugs — ua,t)) -

N N
Uy T Uay
Va Bt = —

Ugt — Ua,t
whenever uq; # ug and
_ N-1
Va,Bt = Nua,t

whenever uq ¢ = ug;. The map vy gy is smooth on M x (0,00) and for all (x,t) € M x oo, we have

nt2 g
Rmin
(6) N < Vo, B,t < N 5
Rmax
because we have seen in that
n—2
R.. | 1
1 <uay <ugy < ‘ L
max

Since uév —ul = (ugt — Ua,t)Va,B,t, €qUation becomes

0
vagig (e —tad) = 52 (Buar(ul, = ully) = By(ups — tay))
- vy,
(7) ~EDUD A (g s — tag) = (g = tag) 582,

7



since we have
Ova gt 9 N N 0
(ug,t — ta,t) gt =5 (ugy —ugy) — 57 (Ust — Uat) Vagi.

Therefore, just as was done in [SST11], because of the bounds given by equation @, Schauder
estimates applied to equation imply that for any compact set K C M, and any r > 0, there
exists a constant By, such that for all t € M and =z € K,

ov
(ugt — Uayt) 7(;;[” (z) < Bk, sup (|lugs|+ |tas|) < Bk.
t—r<s<

Note that this B} only depends on the initial metric g and the compact set K, and not on ¢ € (0, 00)
nor on «, 8 € N. This implies that equation is a parabolic equation for ug; — uq ¢, uniformly
parabolic on any compact set. The constant of parabolicity of this equation is independent of the
values of a and 3. Therefore, Schauder estimates for equation imply that for all k € N;r > 0,
and all compact sets K C M, there exists Uk, > 0 such that for all o, € N and for all
(2,) € M x [0, ),

| @) < Crc sup_sup o = thas| ().

k k
|Vt = Pt
t—r<s<tzxeK

sup

zeK
Now, we have seen that u, ; converges increasingly when o — oo to a positive limit u;. This implies
that for all (z,t) € M x [0, 00),

Hvkuaw,t - Vkua,tH (7) < Ok Sup  |us — Uq sl
K t—r<s<t

for some C'; , > 0. Therefore, (Vkua,t)aeN is a Cauchy sequence and hence (uqt)aen converges in
the C* topology. Then the map u; : M — R is C*. Since this is valid for all k& > 0, equation

implies that 813‘;”5 also converges smoothly to % and that wu; is a solution to the CYF™ on M. O

This concludes the proof of Theorem [2.1] O

As Ry, < Rynag, and by definition of the CYFT we have % = (Rmaz — Ry, )9t, we obtain the
following.

Corollary 2.4. The Curvature-normalized increasing Yamabe flow is pointwise increasing:
VeeM, Vt>s>0, g>gs

Provided that the Riemannian curvature tensor of the initial metric is uniformly bounded, the
CYF™ converges to a smooth metric:

Theorem 2.5. Let (M,g) be a complete Riemannian manifold, such that Rpyin < Ry < Rpmaz.
We assume moreover that the norm of the Riemannian curvature tensor is uniformly bounded. Let
(gt)t>0 be the solution of the CYFT constructed in Theorem . Then on any compact set K C M
and for all k € N, the metric g; converges uniformly exponentially fast in the C* topology to the
unique metric gmaz in the conformal class of g with constant scalar curvature R = Raz-

Imax

Proof. Let (M, g) be a complete Riemannian manifold, such that Ryin < Rg < Rynqq with uniformly
bounded Riemannian curvature tensor. We have seen that there exists a unique metric gmqx
conformally equivalent to g with R = Riaz-

gma:c

Lemma 2.6. The scalar curvature Ry, of gi converges uniformly exponentially fast on M to
R < Rypaz when t — 0o.

Imazxr —



Proof. From Theorem ({2.1) we know that R;, < Ry, for all ¢ > 0. Therefore, the evolution
equation of the scalar curvature gives for all (z,t) € M x [0, 00),

a(Rgt — Rinaz(9t))
ot

= —(n - 1)Agt(Rgt - Rmaz) + Rgt (Rgt - Rmaa?)
*(TL - 1)Agt(Rgt - Rmaw) + Rma:c(Rgt - Rma:z:)-

Using the variable form of the Maximum Principle (Proposition |A.3|) given in the Appendix, we
get for all (z,t) € M x [0,00):

(8) 0> Rgt - Rmaz > (Rmm - Rma$>6Rm‘”t

Y

Since Riqr < 0, the curvature converges exponentially fast to R4, at all points of M. O

Now, let K C M be a fixed compact set. Repeating the proof of Theorem 10 of [SSTT11], Schauder
estimates show that on the compact set K, the flow converges uniformly exponentially fast to a
smooth metric g4, With constant scalar curvature R, = Rinaz- More precisely, for all integers
k > 0, there exists a positive Ck ;, > 0 such that

max

”gt - gma;c”Ck(K) < CK’keRmH.zt'
Since this is valid for any compact set K, it concludes the proof of Theorem -

Remark 2. In Theorem we assume that the Riemannian curvature tensor is uniformly bounded
to get the convergence of the flow (g¢)+>0. This hypothesis is not optimal since we only need a global
maximum principle as stated in Proposition @ Some exponential lower bounds on Ricg, may be
sufficient to get it. We did not focus on this technical issue to limit the size of our exposition.

Let (M, g) be a complete Riemannian manifold satisfying Ryin < Ry < Rpae < 0. We will call
Curvature-normalized decreasing Yamabe Flow (in short, CYF™) a family of Riemannian
metrics (g; )¢>0 on M satisfying the following equations:

9g
aitt = (Rmzn - Rgt)gt
g = g

A proof similar to the one we have just presented above gives the following result.

Theorem 2.7. Let (M, g) be a Riemannian manifold such that Ry < Ry < Rpar < 0. Then
there exists a solution g, = vig to the CYF~, with vo = 1, defined for all ttme t > 0. Moreover,
for allt > 0, it satisfies

min
9

Rmin < Rg; < Rmax and Ut < ’

max

and t — g, (z) is decreasing in time for all x € M.

When the Riemannian curvature tensor of g is uniformly bounded, then g, converges uniformly
exponentially fast on every compact set to the unique metric gmin in the conformal class of g which
satisfies R = Rin.

Imin
Theorems [2.5] and [2.7] imply the following result, originally due to Yau.

Corollary 2.8 (Conformal Schwarz Lemma). Let (M, g) be a Riemannian manifold with Ry, <
Ry < Ryae < 0 and with bounded Riemann curvature tensor. Then there exists a Yamabe metric
gy conformally equivalent to g, with uniformly bounded conformal factor, such that

Grmin = 9y gy
e |Rmzn | | Rmax |

< 9 < Ymaz =

9



The proof presented above is independent of the arguments in [Yau73|, from which we had only
deduced uniqueness of the Yamabe metric.

We now turn to the proof of Theorem [I.3] showing that the CYF preserve pinched negative
sectional curvatures for a small time, provided the gradient of the scalar curvature of the initial
metric and its Laplacian are bounded. We are going to prove the more precise following result.

Theorem 2.9. Let (M,g) be a complete Riemannian n-manifold, n > 3, with pinched negative
sectional curvatures K:
Rmin
n(n—1)

=V <K;<—a’= fmaz_ <0.

n(n—1)
Assume moreover that |V Ry| and |AyR,| are uniformly bounded. Let (g; )i>o0 (resp. (g; )i>0) be
the solution of the CYF' (resp. the CYF~) with initial metric g. Then there exist C > 0 and

B € (0,3) such that forall t € [0,¢€], we get
‘ng - Kg‘ <Ct’  and ’Kg; - Kg‘ < ot’.

Theorem can be restated as follows: starting at a metric satisfying the hypotheses of Theorem
the sectional curvatures of g;“ and g, are uniformly continuous in time around ¢ = 0, and their
modulus of uniform continuity is at most Ct? for some 8 € (0, %) and some constant C' > 0.

Proof of Theorem [2.9. We will show this theorem for the CYF™, the proof for the CYF™ is similar.
Let (M,g) be a smooth Riemannian n-manifold, n > 3, pinched negative sectional curvatures
—b? < K; < —a? < 0, and such that [V R, Hg and AyR, are uniformly bounded. We set Ryn =

—n(n—1)b%, Rz = —n(n—1)a? and denote by (g¢)¢>0 the solution of the CYF* given by Theorem
4

Therefore, we have g = ut"ﬁ g, here u; is a uniformly bounded solution to equation with
initial condition ug = 1.

Consider the lifts of the metrics (g¢)¢>0 to the universal cover M of M. We will still denote them
by (g¢)t>0. This family of metrics on M is by construction equivariant with respect to the action of
the fundamental group of M. We also lift the family (u¢):>0 of conformal factors to an equivariant
family of conformal factors on M, which we will still write (us);>0. Since (M,go) = (M,g) is a
simply connected manifold with negative sectional curvatures, it has infinite injectivity radius. For
the rest of the proof, our argument will implicitly take place in M.

The curvatures of g; can be obtained from the curvature of g and the derivatives of u;, see
Theorem 1.159 p. 58 of [Bes08|. Therefore, it is enough to show that there exists C' > 0 and
3 € (0, 3) such that for all ¢ > 0,

(9) () = Uesarg) = 5up = 1]+ sup [V, + sup [V/¥ %, < O,

Since we only deal with maps on M which are lifts from maps on M, there is no difference in
taking these norms on M or on M.
From equation , we have for all ¢ > 0,

4(n—1) nt2
ﬁAgut = Rgu ™ — Ryus.

The sectional curvatures of g are pinched and its injectivity radius is positive (here infinite), so it
follows from the work of Anderson and Cheeger [AC92] that in each point x € M, there exists a
chart of harmonic coordinates (for the fized metric g) centered in z with radius p > 0 depending

only on R;n and Rp,q.. Therefore, equation is uniformly elliptic on M , with ellipticity
constants depending only on R,,;, and Rqz-

(10)

10



We will need the following Holder norms on functions on M (extended to equivariant maps on
M). For any smooth map f: M — R and any « € (0,1), we write

_ [f(@) = [l
I flca == ;gﬂl;lf(w)l +ii€ dy(@,y)°

where dy(z,y) is the Riemannian distance induced by g between = and y, and
|1z = sup |f(@)] + sup |df (@)1, + [Iv7ar], | -
zeEM zeM c

By Schauder estimates applied to Equation , see e.g. Theorem 6.2 p. 90 of [GT0I], for any
a € (0,1), there exists a constant C' > 0 depending only on n,« and the curvature bounds such

that
)

(11) lug — 1] p2.a < C <sup lug — 1] + ‘
xeM
To estimate the right-hand side of (11]), we will use the following lemma which is an immediate
consequence of the variable form of Maximum Principle given in Proposition [A.3]

Lemma 2.10. Let v : M x [0,T) — R be a smooth solution to the following PDE:

00 (1) = ~h(a, ) Agu(a, 1)+ S, 1)
where Ay is the Laplacian induced by the metric g, and the functions f and h satisfy the following:
there exist Cp,Co,Cs > 0 such that C1 < h < Cy and |f| < C5. Assume that at t = 0, v(.,0) =0
and that v is uniformly bounded on M x (0,T). Then for all z,t € M x [0,T), we have

sup |v(z,t) —v(z,0)| < Cst.

xeM

n+2
n—2
Ry, ui"™" — Ryuy

Let us go back to the study of the conformal factor u;. It follows from the bounds established
in Theorem that equation which gives the evolution of u; is precisely of the form
0
(12) S (@) = —h(z. ) Au + f (o),

where h and [ satisfy the hypotheses of Lemma [2.10] Therefore, there exists C' > 0 such that for
all ¢ > 0 small enough,

(13) lug(z) — 1] < Ct.
Therefore, because of equation , to conclude the proof of Theorem it is enough to control
nt2
HRgt“tn2 — Ry
Ca
for some a > 0. We have
n+2 4 4

RgtuF — Rguy = UF (Rgout — Ry) + Rg(ut"ﬁ —ug),

which can be restated as

4
n+2 4 4 u:_n72 -1
—2 —3 —2
Rguy ™ — Rgup = uf'* (Rg,up — Rg) + Rguy' ™" (1 — uy) u— 1

The bounds established in Theorem together with the previous equation imply that there exists
a constant C'r > 0 such that for all a € (0, 1), we get

(14) Rgt“tn_2 — Rguy <Cgr (”Rgzut - Rg”ca + [ — 1”(:&) .

n+2
Ca

11



Equation controls the C° norm of u; — 1. To control its C® norm, we will use the following
lemma.

Lemma 2.11. Let v : M x [0,T) — R be a smooth solution to the following PDE:

0

S (@) = —h(z. ) Ag0(@,t) + f(a,b),

where Ay is the Laplacian induced by the metric g, and the functions f and h satisfy the following:
there exist Cy,Ca,Cs > 0 such that C1 < h < Cy and |f| < C5. Assume moreover that at t = 0,

[v(.,0)| and [Vv(.,0)|, are bounded by Cy, and that for all t > 0, [v(.,t)] < Cs. Then there exists

0 € (1,1) and Cp > 0 depending on the C; such that for all (z,t) € M x (0,T), we have
Co
Vo(a. ), < 2.

This is merely an adaptation to our context of Theorem 11.3 p. 269 of [Lie96].
We have already seen that v(x,?) = u(z) — 1 satisfies the hypothesis of Lemma Therefore,
we have for all (x,t) € M x (0,7,
Ch
Vuu(a)l, <
for some fixed 0 € (%, 1) and Cyp > 0. Moreover, for all a € (0,1), all ¢ > 0 and all z,y € M such
that x # y, we have

[ue(2) —we(y)l _ Jue(e) —w(y)] ,
dg({l,‘,y)a dg(xay)

Let us now fix a € (0, %) small enough so that 1 —a > 6. Due to Lemma we have for all t > 0,

o(,y) ™ < |Vl g dg (2, )7

|ut () — ue(y)|

ut — 1o = sup |uz(x) — 1| + sup

H HC oy ‘ ( ) ‘ ety dg(CC, y)a
< Ot+ sup ug () — u(y)] 4 sup lut () — ue(y)|
- atydg@g<t  do(TY)Y sy d @yt de(T,9)”

su u(x) — 1
S Ct+ Sup HV’LLt”g dg(x’y)lfa+2 pI€M|at( ) |
dg(m7y)§t t

< Ct+ Cpt'—=0 4 o0t~

Eventually, for some C’ > 0, we have for all ¢ > 0,
(15) lue = 1ea < C'71,

where
,61 =1—a-20.
We will now show an analogous estimate for |Ry,u; — Ry|ca. From equation (3), we get that for
allt > 0,
8R9t
ot

Moreover, it follows from equation that for every smooth map f : M — R and all ¢ > 0, we
have

(16) = —(n—1)Ag, Ry, + Ry, (Rg, — Rinaz)-

(17) 4(:_21)Agtf + Ry f =u, = <4(:_21)Ag(utf) + Rg“tf) .

12



Due to this invariance, the operator A, + 4&7_721)1%9 is known as the conformal Laplacian. Equations

and imply that for all ¢ > 0,

OR n—2(4(n—1) n—2
af:“4<n_2%%ﬁﬁﬁ+4m%+%@w%mﬁ
n—2 —nt2 (4(n—1) n—2
- Ty W ! <“Ag(“tht) + Rgutht) + TRZt + Ry, (Rg, — Rmaz);

which yields

I(wR ou n—2 1-n42 (4(n—1
(&M&mfz4ut4(;ffkmﬂﬂ+&w%o
n—2_,
(18) +uy 4 Ry, + Ry, (Rg, — Rmaz) | -

4

Moreover, by definition of CYF' and ¢; = u;"~* go, we have

—=——"u
ot ot
Therefore, equation (18)) becomes

= ut

ot 4

O(ut Ry, ) n—2 1-m2 (4(n—1)
n—2

A(urRy,) + RgWRgt)

n—2
+uy (4R§t + Rgt(Rgt - Rmax)) + Rgt(Rmax - Rgt)ut7

where, as before, we have written A = A,.
Since |AyR,| is uniformly bounded, this can be restated as the following :
I(urRy, — Ry)
ot

where h and f satisfy the hypotheses of Lemmas and Therefore, repeating the proof of
the estimate (15)) for u; — 1, there exists C” > 0, and a, 85 € (0, 5) such that for all ¢ > 0,

(20) HRgt“t - Ry Hca < .

The bounds and together with the estimates and conclude the proof of
Theorem 2.9

(19) = —h(z,)A(u Ry, — Ry) + f(,1),

0

Remark 3. G. Carron has pointed out to us that, adapting the techniques of Grigor’yan in [Gri94]
to our context, it might be possible to suppress the hypothesis that |AgyR,| is uniformly bounded
from Theorem [2.9) (and its application in Theorem [1.4)).

3. EXTREMAL ENTROPY AND YAMABE FLOWS ON CONVEX-COCOMPACT MANIFOLDS

Let us first recall some basic facts about the topological entropy and convex-cocompact manifolds.
Let (M, g) be a complete Riemannian n-manifold, n > 2, let 7, glM its unit tangent bundle, and
(¢7)ier its geodesic flow. We denote by m : TM — M the canonical projection. For any 7" > 0 and
v, W € TglM, we write

d7(v,w) == sup d(¢f(v),d{(w)).
t€[0,T]
13



If Q C T'M is a compact subset invariant by the flow (¢7), let N'(Q,¢,T) be the cardinality of a
maximal e-separated set in Q for the distance d7.

Definition 3.1. The topological entropy of the geodesic flow restricted to ) is defined by

| O.cT
htop(¢g’Q) = lir?jélpT]LHOlo Og./\/’(T,G,)

In this section, we will focus on the following case.

Definition 3.2. We will say that a complete Riemannian manifold with strictly negative sectional
curvatures is convex-cocompact if all its closed geodesics are contained in a compact set.

This notion is also known in the case of pinched negative sectional curvature as geometrically
finite manifolds without cusps, cf [Bow95] for more details on this terminology and other equivalent
definitions.

Let (M, g) be a convex-cocompact manifold with negative sectional curvatures. We will identify
each closed geodesic in M with the unique closed orbit for the geodesic flow in T, glM to which it
corresponds. Let Q, C TglM be the closure of the set of closed geodesics, which is invariant by the
geodesic flow. Since (M, g) is convex-cocompact, €, is compact. It is called the non-wandering
set of the geodesic flow, see [Eb73] for a justification of this terminology. We will call the topological
entropy of the geodesic flow restricted to €, the topological entropy of (M, g).

Let (M,g) be a complete manifold with uniformly pinched negative sectional curvatures. It is
well known that the geodesic flow on TglM is uniformly hyperbolic, as shown for instance in the
classical book of Klingenberg [KI82], Chap. 9. It was shown by Eberlein in [Eb73] that there is
an orbit for the geodesic flow which is dense in the non-wandering set ,. Assume that (M, g) is
convex-cocompact: together with the previous facts, it implies that €, is a basic hyperbolic set in
the sense of [Bow72]. Let us write for all R > 0,

Py(R) := { closed geodesics for g : £,(y) < R},

where £4(vy) denotes the length of v with respect to the metric g. It follows from Theorem 4.11
of [Bow72] that the topological entropy of the geodesic flow restricted to €, is determined by the
counting functions #P,(R) on the set of closed geodesics:

. log(#Py(R))
21 h = lim —~I I~
(21) toplg) = Jim ——
Proposition 3.1. Let M be a complete manifold of dimensionn > 2, and g1, g2 be two Riemannian
metrics on M with pinched negative sectional curvatures such that (M, g1) and (M, g2) are convez-
cocompact.

(1) If the closures of the sets of all closed geodesics mQg, and 7y, coincide, and if
91lra, = 92lxq,, then hiop(g1) = hiop(g2)-
(2) If g1 < g2 at all points, then
htop(91) = htop(g2)-

Proof. Let M be a complete manifold, and g1, go be two Riemannian metrics on M with pinched
negative sectional curvatures such that (M,g;) and (M, g2) are convex-cocompact. Let us prove
item (1). Assume that 7€, and 78, coincide and g "y, = 92| 0, - Let 71 be a closed geodesic
for g1, and 2 be the unique closed geodesic of gs in the same free homotopy class as v;. Assume

that 1 and -9 are disjoint. By uniqueness of the geodesic, we have

Ly (71) < Lgy(72) and Ly, (y2) < Lgy(m1)-
14



This is a contradiction since g; and go coincide on their non-wandering set. Therefore, the closed
geodesics of g1 and gs coincide and have same length, which implies (1) due to equation .

Let us now prove (2), assuming that g1 < go. It follows from Theorem 3.9.5 of [KI82] that, in
each free homotopy class of M, there is exactly one closed geodesic. Let 1 be a closed geodesic
for g1. There exists a unique closed geodesic =9 for gs in the same free homotopy class. Moreover,
since the geodesic minimizes the length in this homotopy class, and since g; < g2, we have

€g1 (’71) < ggl ('72) < €g2 ('72)'

Each closed geodesic vy for g1 will correspond to a different free homotopy class, therefore to a
different geodesic o for go. Therefore, for all R > 0,

#Pg (R) = #Pg, (R),
which implies item (2). O
Remark 4. Let us point out that, in general, when the sectional curvatures are not negative, the
inequality g1 < g2 does not imply that hop(g1) > hiop(g2), even for compact manifolds. Indeed, it
was shown by G. Contreras and G. Paternain in [CP02] that on S?, a smooth metric generically
has positive topological entropy. Let g, be such a metric with positive topological entropy. There

exists a standard round metric gr on the two sphere, with radius R > 0 big enough so that gr < gy,
at every point. However,

htop(gh) >0= htop(gR)'
Together with the study of the Curvature-Normalized Yamabe flows carried in Section [2| Propo-
sition implies the following result.

Corollary 3.2. Let (M,g) be a complete manifold such that Ryin < Ry < Rpar < 0, and let gy
be the unique Yamabe metric in the conformal class of g with scalar curvature Ry, = —1. Assume

that the sectional curvatures of g and gy are negative. Then (M, g) is convex-cocompact if and only
if (M, gy) is. If this is the case,

V |Rmaw htop gY < htop < |Rmzn htop gY
Moreover, if nQdg = 78y, and g = |Rm(w (resp. g = |R |) on mllg, , then
htop =V |Rmax htop gY < resp. htop =V ‘Rmm htop gy )

Proof. Let (M, g) satisfy the hypotheses of the Theorem. It follows from Theorems and
that we have

(22) Rmaxg < gy gy < Rmm g.

Rmin |Rmm’ o - |Rmax| - Rmax

Therefore, Theorem 1.7 p.401 of [Br-H99] implies that ¢ is convex-cocompact if and only gy is
convex-cocompact. The rest of our statement follows from Proposition and the bounds . O

We now study the local behaviour of the topological entropy for convex-cocompact manifolds
along CYF.

Proposition 3.3. Let (M,g) be a convex-cocompact manifold of dimension n > 3, with K, <
—a? <0, and Rmin < Ry < Rpax < 0, and such that |V Ry| and |AyRy| are uniformly bounded.
Let (g; )i>0 and (g; )i>0 be the solutions of CYF' and CYF~ respectively. Then att = 0, the maps
t = hiop(gyh) and t = hyop(g; ) are C, and satisfy the following:

(1) Att =0, we have

dhto}?(gj) <0 and dhtop(g;) >
dt t=0 dt t=0
15



(2) unless Ry = Ryar on w8y, we have

dhiop (9;— )

< 0;
dt

t=0

(3) unless Ry = Rymin on w8y, we have

dhtop (gt_ )

7 > 0.

t=0

Proof. Let (M, g) satisfy the hypotheses of the proposition, and let (g;");>0 and (g; )i>0 be the
solutions of CYF™ and CYF~ respectively. It follows from Theorem that for some € > 0, the
sectional curvatures gj and g, are strictly negative for ¢ € [0, €). Moreover, since g, gj and g, are
quasi-isometric, it follows again from Theorem 1.7 p.401 of [Br-H99] that the CYF solutions are
convex-cocompact as long as their sectional curvature remain negative. Therefore, since these flows
are smooth, Theorem 1 of [Tapl0] implies that t — hyp(g;7) is C! on t € [0,€), and its derivative
in t = 0 is given by

0 htop (g;_ )
ot

_ higp(g) dgi(v,v)
= /Q ot

dﬂg(”)a

t=0 2 t=0

where /14, is the Bowen-Margulis probability measure for the geodesic flow of (M, g) restricted to
Q). This formula can also be derived from Proposition 2.5.2 of the paper by Flaminio [F1a95]. By
definition of the CYF™, for every g-unit vector, we have

dg¢(v,v
gtét) — (Rma:(: - Rg)g(vvv) = (Rmax - Rg)
t=0
Therefore,
ahtOp(gz_ ) htop(9) /
—7t =— Rinaz — Rg)dpg(v) < 0.
ot o 2 Qg( g9 9( )
Similarly, ¢ — hiop(g; ) is C* on [0,€), and
Ohtop(9; ) hiop(9) /
= — Rin — Rg)dpg(v) > 0.
at o 2 Qg( g) g( )

Moreover, it follows from Corollary 4.6 of [BR75| that p, gives positive weight to any open set
which intersect 4. This implies item (2) and (3) of Proposition O

Proposition [3.3] implies the monotonicity of the entropy along the CYF, as stated in Theorem
We now study the extrema of the topological entropy for manifolds assuming that the sectional
curvatures remain negative along the flow. Due to Proposition [3.1], prescribing the entropy can at
most impose the locus of closed geodesics (the non-wandering set) and determine the metric on
this non-wandering set. For manifolds of dimension n > 3, we get the following result.

Theorem 3.4 (Minimal entropy and maximal curvature). Let (M, g) be a convez-cocompact man-
ifold of dimension n > 3 such that Rpyin < Ry < Rmaz < 0, and (gi)i>0 be the solution of CYF*
with initial metric g. Assume that there exists € > 0 such that for allt > 0, the sectional curvatures
of (M, gt) satisfy K4, < —e and let gy be the unique Yamabe metric in the conformal class of g
with scalar curvature Ry, = —1. Then we have the following.

(1) The entropy of g satisfies
htop(g) > V |Rmax|htop(gY) = htop(gmax)-
1
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(2) If htop(g) = htop(gmag;), then

9=
’Rmax|

and Ry = Rz on g, = w8y, .
Proof. Let (M, g) be a complete convex-cocompact manifold such that Ry, < Ry, < Ryae <0,
and (g¢)1>0 be the solution of CYF™ with initial metric g. Assume that there exists € > 0 such
that for all ¢ > 0, the sectional curvatures of (M, g;) satisfy K, < —e. It follows from Corollary
that the CYF™ is increasing. Therefore, Proposition implies that the map t — hyop(gt) is
decreasing. So we have established point (1).

We assume now that hiop(9) = Rtop(Gmaz). Let us show that g = gpas along the non-wandering
set C TglmazM of (M, gmaz)- It follows from Proposition 3.2 of [Tapl0] that

Imazx

hﬂm<gmax>s;hnm<g>// o1, drignan (v),

9mazx
where fi4,,.. is the Bowen-Margulis probability measure for the geodesic flow of (M, gimqz) restricted
to Qg,..., cf Section 5 of [Bow72] for a detailed construction of this measure. Since hip(g) =
htop(Gmaz ), this inequality becomes

hm%mgw@/ wm%mws%wﬁzwﬂ

9mazx

dlugmaz (U) = htOP (9)7

9max
9mazx

which gives eventually

(23) /)H%WMMFL

9mazx

Since for every gmae-unit tangent vector v € T, M, |v] s < 1, equation implies that o], =1
[tgmas-almost everywhere. on Q.. C T) . Moreover, it follows from Corollary 4.6 of [BR75]
that f4,,,. gives positive weight to any open set which intersects €2 Therefore, [v], =1 on a

cTl M. 0

9mazx *

dense set in 2 Since g is smooth, this implies that |v], =1 on

9mazx * Imazx

Theorem is not a complete reciprocal to Proposition [3.1] Indeed, we do not know whether,
when the entropy of g is minimal, the sets of closed geodesics 7€), and 7€}, .. coincide. We will
see in Section 4 that such a complete entropy-rigidity theorem can be obtained from CYF on
convex-cocompact surfaces, but the proof does not adapt to higher dimensions. It is in general very
hard to check whether sectional curvatures remain negative along the Yamabe flow for manifolds
of dimension n > 3.

We also get the analogous result for maximal entropy, whose proof from the CYF ™ is similar to
the proof of Theorem

Theorem 3.5 (Maximal entropy and minimal curvature). Let (M, g) be a complete convez-cocompact
manifold of dimension n > 3 such that Ryin < Ry < Rpmae < 0, and (g; )i>0 be the solution of

CYF~ with initial metric g. Assume that there exists ¢ > 0 such that for all t > 0, the sectional

curvatures of (M, g, ) satisfy Kg; < —e and let gy be the unique Yamabe metric in the conformal

class of g with scalar curvature Ry, = —1.

(1) The entropy of g satisfies

htop(g) S V ‘Rmin‘htop(gY) - htop(Qmin)-

(2) If htop(g) = htop(gmin)f then
_ 9

g and Ry = Rypin on w8y, .
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4. ENTROPY-RIGIDITY THROUGH YAMABE FLOWS ON CONVEX-COCOMPACT SURFACES

We now focus on the case of convex-cocompact surfaces, where we will establish a full entropy-
rigidity statement, analogous to the result of Katok in [Kat82]. Let us first give the analogue of
Theorem and Theorem for surfaces, since the proofs we developped in the Section 2 are
no longer valid in dimension 2. Recall that for surfaces all notions of curvatures coincide, since
R,9 = 2Ricy = 2K4g. Therefore, on surfaces, Yamabe metrics are multiples of hyperbolic metrics.

Theorem 4.1. Let (S,g) be a complete convex-cocompact Riemannian surface whose scalar cur-
vature satisfies Rpin < Ry < Rymaz < 0. Then there is a unique solution (g¢)¢>o to the equation

gt
i Rmax - R n
at ( g )gt
go = 9
We call this solution CYFT. For allt € [0,T), the scalar curvature of g¢ satisfies :
OR
Wgt = —Ag, Ry, + Ry, (Ry, — Rinaz) and Rpin < Ry, < Rpnaa,

and g;” converges uniformly exponentially fast on every compact set to the unique metric gmas

conformally equivalent to g with Rg,,.. = Rmaz-

Sketch of proof. On surfaces, the Yamabe flow and the Ricci flow coincide. The short-time existence
for the Ricci flow on complete manifolds has been established by Shi in [Shi89]. However, for
surfaces with bounded curvature, the heavy machinery of Shi is not needed. This has been shown
by Ji, Mazzeo and Sesum for finite volume surfaces in [JMS09] Let us sketch the argument for
completeness.

Let (S,g) be a complete surface with Ryin < Ry < Rpar < 0, and gpmq, the Yamabe metric
conformally equivalent to g with scalar curvature R,q;. A smooth family g; = e g is solution to
CYFT for t € (0,€) if and only if

87)t
(24> E - (Rmax — Rgt)'
By a well known computation (see [Bes08] p 59), the scalar curvature of g, = e’ g is given by
(25) Ry, = e™"(Ry + Aguy).
Therefore, the evolution equation becomes
ov _
(26) oy = Bmaz — ™" (Ry + Agur).

This is a uniformly parabolic equation as long as v; is finite and uniformly bounded, which gives
short time existence. The proof of the variational formula for the scalar curvature given in equation
(3) is still valid for surfaces, which establishes our second claim. For the smooth convergence to
the Yamabe metric, the reader can either repeat the Schauder Theory argument given in Section
1 to analyze equation , or refer to the manuscript of Albin, Aldana and Rochon [AAR] where
this is shown in full detail. ]

Of course, the analogous theorem holds for the decreasing Yamabe Flow CYF™, as in Theorem

27

For any Riemannian surface (.5, g), we write

7§y := {7 closed geodesic for g}.

By definition, if the curvature of ¢ is negative, then 7§, is compact if and only if (.5, g) is convex-

cocompact. Given a complete surface, searching for an absolute minimum of the topological entropy

among all convex-cocompact metrics gives no information, as shown by the following classical result.
18



Theorem 4.2 (Patterson). Let (S,g) be a conver-cocompact surface with infinite volume, and
G (S) be the set of hyperbolic metrics on S. Then

{htop(gn); gn € Gu(S)} = (0,1).

This follows from Theorem 5 p.312 of [Pat76] and the continuity of the entropy with respect to
the Teichmueller metric topology, see [McM99] and references given there. The idea of the proof is
the following. A convex-cocompact surface is made of a compact convex-core, bounded by closed
geodesics, on which funnels are attached. Deform a given hyperbolic metric in the Teichmueller
space by changing the length of these closed geodesics. When all the lengths go to infinity, entropy
goes to 0. When these lengths go to 0, entropy goes to 1. The global infimum of the topological
entropies is always 0 for such surfaces. However, in each conformal class, there is a unique hyperbolic
metric. Theorem will show that this hyperbolic metric minimizes the entropy in its conformal
class as soon as an upper bound for the curvature is given. It also gives a complete entropy-rigidity
result for convex-cocompact surfaces.

The rest of this section is devoted to the proof of Theorem On surfaces, the curvatures
remain automatically negative along the Curvature-normalized Yamabe flows. When the entropy
is extremal, Theorem gives two pieces of information: the set of closed geodesics of the metric
g coincides with the set of closed geodesics of the hyperbolic metric, and on these, the metrics
coincide.

Proof of Theorem [1.6. We will prove (1) using the increasing flow CYF™; the proof of (2) is similar
using the decreasing flow CYF™.

Let (S, g) be a complete convex-cocompact Riemannian surface whose scalar curvature satisfies
Ryin < Ry < Ryae < 0 and gy be the unique Yamabe metric conformally equivalent to g with
R,, = —1. The metric gy = 2gy, where gy is the hyperbolic metric conformally equivalent to g.
However, considering gy instead of gz will lighten the notation.

We have already shown in Proposition that hiop(g) > /| Rmaz|htop(gy ). Let us assume that
hiop(9) = /| Rmaz|htop(gy ). It follows from Theorem that g = \R‘i}niym and Ry = Ry on g, .

Therefore, we are only left with showing that 7€}, = 7}
coincide with those of (S, gy ).
Let (g¢)i>0 be the solution to the CYF™ with initial metric g. It follows from Proposition

that ¢ — hop(ge) is decreasing. Since hiop(9) = \/|Rmaz|htop(9y) = Ptop(gmaz), we have for all
t>0,

i.e. that the closed geodesics of (5, g)

gy

htop(gt) = htop(g)-
A key step is given by the following lemma.

Lemma 4.3. The scalar curvature of g satisfies Ry = Rpax on w8y, for allt > 0.

Proof. By contradiction, assume that there exists t > 0 and = € €, such that Ry, (z) < Rpmas- In
some open neighbourhood O, C M, we have Ry, < R,,4,. Moreover, since (M, gs)s>0 is a smooth
path of convex-cocompact metrics, it follows from Theorem 1 of [Tap10] (or from [Fla95]) that the
topological entropy hiop(ge) is C!, and its derivative is given by

Ohtop(gs) | _ _ Puop(gt) / dgs(v, v)
ds 2 Q 0s

dpig, (v),
s=t

s=t gt

where pg, is the Bowen-Margulis probability measure for the geodesic flow of (M, g;) restricted to
Q.. By definition of the CYF*, for every g;-unit vector, we have

dgs(v,v)
0s

= (Rmaz — Rgt)gt(va v) = (Rimaz — Ryt)-
s=t
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FI1GURE 2. Lifts of v and ;4 in the universal cover.

Moreover, it follows from Corollary 4.6 of [BR75] that p,, gives positive weight to O,. Therefore,

since Ry, < Rypae on M and Ry, < Ry on Oy, we have dhmdi;;(gs) < 0. This contradicts the
s=t

fact that hiop(gt) = Rtop(Gmaz) for all t > 0. O
Let v be a closed geodesic of (S, ¢g), and y; (resp. Ymaz) be the unique closed geodesic of (S, g¢)

(resp. (S, gmaz)) isotopic to 7. We will show that v and qe coincide. Choose a lift ¥ € S of v
in the universal cover S, and let 9; (resp. Jmaz) be the lift of 4; (resp. Ymae) Whose endpoints at
infinity coincide with those of 4 (see Figure . If v and ez do not intersect, then ¥ and Ynas
bound a contractible open set. Otherwise, they bound a countable number of open sets whose
boundary are made of two smooth curves and have two singular points. The geodesics v and Vynax
coincide if and only if there is no such non-empty open region.

By contradiction, assume that there exists such an open region D, bounded by two segments of
5 and Amaz. We call the common endpoints of these segments z_ and x: they are either on the
geodesic or on the boundary at infinity. Let us write ¢ = e/ gmez. Up to normalization, we can
choose gmas to have curvature Ry, = —1. We know by Corollary that f < 0 on D, and it
follows from Theorem that f = 0 on Ymaz- The domain D is contained in U{7;,t > 0} : the
curves sweep D as t runs from 0 to co. Therefore, it follows from Lemma that Ry = —1 on D.
By equation , this implies that f satisfies on D the following PDE :

(27) eif (Rmax + Agmazf) = _1 g Agmazf = 1 - ef‘

By Proposition 1.7 p. 95 of [Tay ITI|, there is a unique solution f to as soon as the value
of f is fixed on 4 and J,,4.. Let us assume that f < 0 at some point of ¥ U dD. It follows from
the Strong Maximum Principle (see Lemma 3.4 p. 34 of [GT01]) that at each point of 4,4, U D
(except the singular points of 0D), the normal derivative of f is non-zero. Since f < 0 on D and
f = 0 on Ymar U OD, this implies that in a half-neighbourhood of 7,4, U &D outside D, we have
f > 0. So there is a point = € S such that g(z) > gmaz(x), which is a contradiction. Therefore,
f =0 on the whole D. As the solution of is unique, we obtain that f =0 on D, i.e. ¢ = gmax
on D. Since 7 is a geodesic for g, and Y4z is a geodesic for gz, this implies that there are two
geodesic rays for g connecting z_ and z. This cannot happen because the curvature of g is strictly
negative, therefore ¥ = Ym02 and v = Ymae-

The reciprocal implication in point (1) of Theorem is given by Proposition Point (2) of
Theorem can be shown by a proof similar to the one we have just presented, using CYF~. [
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t>0

FI1GURE 3. A solution to the porous-medium diffusion PDE concentrated in a grow-
ing compact set

5. CONCLUDING REMARKS

A complete entropy-rigidity theorem analogous to Theorem for convex-cocompact manifolds
of higher dimension would be implied by a positive answer to the two following questions.

Question 5.1. Let (M, g) be a convex-cocompact manifold with pinched negative curvature, and
(g¢) the solution of the increasing (resp. decreasing) Curvature-normalised Yamabe flow. Do the
sectional curvatures remain negative along the flow ? Or, at least, does the entropy decrease (resp.
increase) along the flow ¢

Preservation of negative sectional curvature by Yamabe flows is an open question even for com-
pact manifolds (see, for example [SSTTI]).

Question 5.2. Let (M, g) be a convez-cocompact manifold with Ry < —1, and gy be the unique
metric in the conformal class of g with Ry, = —1. We assume that gy has negative sectional
curvatures, and that hiop(g) = hiop(gy). Do the sets of closed geodesics of (M, g) and the set of
closed geodesics of (M, gy) coincide ¢

In the case of surfaces, the answer to the first question follows automatically from Theorem [I.1
The PDE argument which we have used in Theorem to answer the second question is specific
to surfaces. In higher dimensions, the difficulty of this second question comes from the fact that
the equation , which gives the evolution of the conformal factor along the CYF, is a porous-
medium diffusion type PDE. Such kind of equations admit solutions which are concentrated inside
a compact domain which grows as time flows, see Figure [3] This rules out most Strong Maximum
Principle arguments.

One can also wonder whether our results for convex-cocompact manifolds extend to more general
complete manifolds with negative sectional curvatures, such as geometrically finite manifolds. Since
the Curvature-normalized Yamabe flow construction is valid on any complete manifold, it only
remains to study the variations of the entropy. When the non-wandering set is non-compact,
many difficulties arise. However, one might reasonably hope to extend our results to all manifolds
with negative sectional curvatures whose geodesic flow has a finite Bowen-Margulis measure, which
include geometrically finite hyperbolic manifolds.

The case of manifolds with some non-negative sectional curvatures seems much more mysterious.
It is not clear whether the topological entropy is monotone along the Curvature-normalized Yamabe
flow. For example, topological entropy is not monotone under the Volume-normalized Ricci-Yamabe
flow for certain compact surfaces found by Jane in [Jan07]. In [SSTTI], we had avoided this difficulty
by considering the volume entropy, which always decreases when the volume increases. Nevertheless,
when the volume of the manifold is infinite, volume entropy loses its interest since it is no longer a
dynamical invariant, it only depends on the universal cover.
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APPENDIX A. MAXIMUM PRINCIPLES FOR COMPLETE MANIFOLDS
We have used in Section [2| the two following forms of the Maximum Principle.

Proposition A.1 (Weak Maximum Principle on a compact set with boundary). Let M be a
smooth manifold, (g¢)ier a smooth time-dependent family of metrics on M defined on I = [0,T),
and O C M be an open set with compact closure. Let bym > 0 and C' € R be three constants. Let
f:M xI—R be asmooth map.

(1) Assume that for all (z,t) with C < f(z,t) < C +n, we have

of

a(xﬂf) < _bAgtf('rvt)a

that for all (z,t) € 00 x (0,T) we have f(z,t) < C and that f(.,0) < C. Then for all
(x,t) € O x I we have f(z,t) < C.

(2) Assume that for all (z,t) with C —n < f(x,t) < C, we have

0
%(%,t) Z _bAgtf(xat)

that for all (z,t) € 00 x (0,T) we have f(x,t) > C and that f(.,0) > C. Then for all
(x,t) € O x I we have f(z,t) > C.

Proof. We shall prove the first item, the case of an upper bound (the other proof is analogous).
Under the assumption of item (1), let 0 < € < 5l be fixed, we set for all (z,t) € O x I

ve(z,t) = f(z,t) — C —€e(1 +1).

We want to prove that v, is always non-positive on O x I. We have v.(.,0) = f(.,0) —C —e <0
and for all (z,t) € 00 x (0,T) we have

(28) v(z,t) < —e(1+1t) <0.

Assume there exists ¢ € I and = € O such that ve(x,t) = 0, which implies that C < f(z,t) =
C + ¢(1 +t) < C + n by construction of e. Since the closure O is compact, there exists tg € T
and z¢ € O such that v (zg,%p) = 0 and ¢ is minimal for this property. It follows from that
xg ¢ 00. The function v, must be increasing in time at (xg,t9) to reach 0, so we have

v, of
0 S at 8t (ﬂfo,to) — € S *bAgtOf(ﬂjo,to) — €.

Moreover, by construction v(.,%p) is maximal in zg. Hence f(.,%p) is also maximal in zy and
Ay, f(zo,t0) > 0 (because the Hessian of f is non-positive at an interior point where f is maximum).
The previous equality becomes 0 < —e, a contradiction. Hence, for all (x,t) € O x I we obtain

ve(w,t) = f(z,t) —C —e(1+1t) <O0.
As this is valid for all € € (0,n/(1+T')), it implies that f < C on O x I. O

(z0,t0) =

A slight variation of the previous proof provides the following non-linear version of the Weak
Maximum Principle.

Proposition A.2 (Non linear Weak Maximum Principle on a compact set with boundary). Let
(M, g) be a smooth manifold with Ry < Rpaz, and O C M be an open set with compact closure.
Let u,v: O x [0,T) be two positive maps satisfying

8UN N

5 = —C1Ag,u + Cg(RmazuN — Ryu) and % = —C1Agv+ Cg(Rmava — Ryv)

for some fivred C1,Ca, N > 0. Assume that u(.,0) < v(.,0) and for all (z,t) € 00 x (0,T) we have
u(z,t) <wv(z,t). Then for all (x,t) € O x (0,T), we have u(z,t) < v(z,t).
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Proof. Let u,v satisfy the hypotheses of the proposition, and € > 0 be fixed. We consider the
map f(x,t) = u(x,t) — v(z,t) — (1 +t) defined on O x [0,T). The same proof as for Proposition
shows that for all (z,t) € O x [0,T), we have f(x,t) < 0. This concludes the proof of our
proposition. ]

The following variable form of the Maximum Principle on complete manifolds is also a key tool
in the study of the Curvature-normalized Yamabe flow.

Proposition A.3 (Variable Maximum Principle on complete manifolds). Let gy be a complete
metric on M whose Riemannian curvature tensor satisfies |[Rmg,| < ko for some kg > 0, and let
gi,t € [0,T] be a family of complete metrics on M such that g, > dg for some fized 6 > 0. Let
F:R x[0,T] = R be a locally Lipschitz map in the R factor and continuous in the [0,T] factor.
Let h : M x [0,T] — R be a smooth bounded map : 0 < Cy < h < Cy on M x [0,T].

Let ¢ € R be fized, and U : [0,T] — R be the solution of

% — F(U,1) with U(0) = c.

Let u: M x [0,T] be a C? bounded.
(1) If Vo € M,u(z,0) < c and satisfies on M x [0,T]

Ju
ot
then ¥(z,t) € M x [0,T], u(x,t) < U(t) as long as the solution U to the ODE exists.
(2) If Vo € M,u(x,0) > ¢ and satisfies on M x [0, T

(xat) < _h(xut)Ag(t)u"i_ F(u7t)7

0
(@) > —h(z, ) Aggu + Flu,t),

then ¥(z,t) € M x [0,T], u(x,t) > U(t) as long as the solution U to the ODE exists.

Proof. Let (M, go) and (g¢)¢e[o,7] satisfy the hypotheses of the proposition. Let h: M x [0,T] — R
be a smooth map such that 0 < C; < h < (5. We first need to show the existence of a so-called
barrier function adapted to our problem. This is given by the following lemma which follows from
an adaptation of the proof of Lemma 12.9 p. 146 of [CLNO0G].

Lemma A.4. Let O € M be a fixed point. For all a,A > 0, there exists a positive map ¢ :
M x[0,T] - R and b < 0 such that ¥(z,t) € M x [0,T],

(gf _ h(x,t)Agt) ¢z, t) > Ap(x,t),

and
ezp(adgy, (0, x)) < ¢(x,t) < exp(bdy, (O, x) + 1).

Using this barrier function ¢, the end of the proof of Proposition is now a repetition of the
proof of Theorem 12.14 p. 148 of [CLNO0G]. O

Note that in Proposition we have asked u to be a priori bounded, since we do not need a
more general result in this paper. However, as follows from the proofs of [CLNOG|, it would be

enough that u grows at most exponentially.
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