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THE INCOMPRESSIBLE NAVIER-STOKES EQUATIONS ON
NON-COMPACT MANIFOLDS

V. PIERFELICE

ABSTRACT. We shall prove dispersive and smoothing estimates for Bochner type lapla-
cians on some non-compact Riemannian manifolds with negative Ricci curvature, in
particular on hyperbolic spaces.

These estimates will be used to prove Fujita-Kato type theorems for the incompress-
ible Navier-Stokes equations.

We shall also discuss the uniqueness of Leray weak solutions in the two dimensional
case.

1. INTRODUCTION

This work deals with the equations describing the motion of an incompressible fluid
with viscosity in a non-compact space M, more precisely, we shall study the incompress-
ible Navier-Stokes system on a non-compact Riemannian manifold. Let us first recall
some classical results for the incompressible Navier-Stokes equations in the flat case R™.
In this framework, the unknowns are the velocity u : R;” x R” — R” of the fluid, a time
dependent divergence free vector field on R and its pressure p : R x R?” — R. The
incompressible Navier-Stokes system takes the following form

(1) Ou+ (u- V)u+ grad p = vAu,
divu = 0.

The velocity is divergence free because of the incompressibility assumption and v (which
is the inverse of the Reynolds number when the system is written in non-dimensional
coordinates) is positive since the fluid is viscous. Moreover, in cartesian coordinates the
definitions of the operators arising in the previous system are: for all j € {1,...,n}

(u-V)u) = (V) =u'00?,  divu=0x', (gradp) =0;p, (Au) = Oy,

where we sum over 7. We notice that, in cartesian coordinates, the vectorial laplacian
is made by the usual (scalar) Laplacian acting on each component of vector fields u =
(ul, ..., um).

We add to the system (1) an initial condition on the velocity uy—o = uo, with the
initial data wug divergence free (div ug = 0). The notion of C? solution (i.e. classical
solution) is not efficient here. It has been pointed out by C. Ossen (see [45] and [46])
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2 V. PIERFELICE

that another concept of solution must be used. There are many notions of solutions that
are appropriate for this system. The most famous ones are the Leray weak solutions that
are based on the energy dissipation (see [37]) and the Kato type solutions that are based
on the scaling of the equation (see [30]). One way of studying the initial value problem
(NSE) is via the weak solutions introduced by Leray. Indeed, Leray and Hopf showed
the existence of a global weak solution of the Navier-Stokes equations corresponding to
initial data in L?(R") (see [37], [28]). Lemarié extended this construction and obtained
the existence of uniformly locally square integrable weak solutions. Questions about the
uniqueness and regularity of these solutions are completely clear only when n = 2. In
particular, in dimension 2 the energy inequality is verified and Leray weak solutions are
unique for any initial data ug € L*(R?) and global propagation of higher regularity holds.
When n > 3, these questions have not been answered yet; the case of dimension 3 is one
of millenium problems. But important contributions in understanding partial regularity
and conditional uniqueness of weak solutions should be mentioned (see e.g. [8], [39], [40],
[21], [19]). Because of the uniqueness problem with the weak solution in dimension n > 3,
another approach was introduced by Kato and Fujita (1961) studying stronger solutions
(or mild solutions) (see [20]). To define them, they use the Hodge decomposition in R",
i.e. for every L? vector field, one has the unique orthogonal decomposition

(2) u=uv+gradq, divev=0, v=DPu,

where P is the Leray projector on divergence free vector fields. Formally if u solves
the Navier-Stokes Cauchy problem, then applying the projector P to the equation, the
pressure term dissapear and one gets the following Cauchy problem for this semi-linear
parabolic system

(3) { Ou — Au = —P(u - Vu),

U‘t:() = Up-

By using the heat semi-group and the Duhamel formula, the PDE is reformulated as a
fixed point problem in a suitable Banach space Xp

¢
ult, ) = e®ug — / AP (y - V) ds.
0

Then the strong solutions are solutions of this fixed point problem. This approach of
Kato allows us to get the well-posedness of the Cauchy problem to the Navier-Stokes
equations locally in time and globally for small initial data in various subcritical or
critical spaces. The critical spaces are the natural ones to solve the equation by the
fixed point method since they are invariant under the scaling of the equation: if u is the

solution, then u* = Mu(\%t, A\x) is also a solution. The main results for the critical spaces

are the following: H- % c L" C B,;i:% C BMO™!, obtained by [20], [24], [30], [57],

9], [49], [33], [5]. The largest critical spaces is B;Ofoo, but the Cauchy problem is showed
to be ill-posed by [7]. Moreover, there are global well-posedness results for some classes
of large data in all the above spaces, that uses the structure of the non-linear term (see

for examples [36], [1], [11]).
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In this paper, we shall mainly be interested in the Kato approach in the case of the
Navier-Stokes equations on non-compact riemannian manifolds. The plan of the paper is
as follows. In the next section, we give a more precise description of the manifolds that we
shall consider and we recall some definitions and properties of Riemannian geometry and
functional analysis on these non-compact manifolds. In section 3, we recall the natural
way to write the Navier-Stokes equation on a non-flat manifold that was pointed out by
[17], [54]. Note that the issue is that we need a Laplacian acting on vector fields and that
there is no canonical object of this type on a manifold (there are many possibilities such
as the Hodge Laplacian, the Bochner Laplacian). We shall also explain a good way to
write the system under the form (3) on our manifolds. Note that we cannot use directly
the decomposition (2) that does not hold in general on a manifold when non-trivial L2
harmonic 1-forms are present. This phenomenon is at the origin of the non-uniqueness
phenomenon on the hyperbolic plane pointed out in [13], [32] and produce non-unique
C* solutions. In section 4, we prove dispersive and smoothing estimates for the heat and
Stokes equations associated to the Bochner Laplacian. The negative curvature yields
better large time decay than in the Fuclidian case. Our set of estimates for the Stokes
problem is more complete when the Ricci curvature of the manifold is constant (thus
in particular on the hyperbolic spaces and also on more general symmetric spaces of
non-compact type). This comes from the fact that in this case the study of the Stokes
problem can be reduced to the study of the vectorial heat equation. These are the crucial
estimates needed in order to get Fujita Kato type theorems. In section 5, we prove
well-posedness results for the Navier-Stokes equations in an L™ framework. Finally in
section 6, we discuss how by eliminating the pressure from the Navier-Stokes system
our approach can be used to recover the uniqueness of Leray weak solutions on two-
dimensional non-compact manifolds. This gives another approach to the recent result

[14].
2. BABY GEOMETRY &

We shall recall in this section the main objects of Riemannian geometry and their
properties that we need. For more details, we refer to Riemannian geometry textbooks
23],[29] for example.

2.1. Connections. We consider (M, g) a Riemannian manifold. We shall denote by V
the Levi-Civita connection:
DN(TM)xT'(TM) - T'(TM)
(X,Y)— VyY
where we denote by I'(T'M) the set of vector fields on M. The crucial property of this
connection is its compatibility with the metric: for any vector fields X, Y, Z, we have
(4) X-g(Y,2) = g(VxY, Z) + g(Y,Vx Z).
For X € I'(T'M), we can extend Vx to arbitrary (p,q) tensors by requiring that

i) Vx(c(S)) = ¢(VxS) for any contraction c,
i) Vx(S®T)=VxS®T +S®VxT
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with the convention that for f a function Vxf = X - f. In particular, we get that for
§ € NQ"(TM) Q*(T"M))
(VxS) (X1, Xy) = Vx(S(X1,- - Xy)) = S(Vx Xy, -+, Xy) == S(X1, -+, Vx Xy).
We define the covariant derivatives V on tensor field S € T'(Q"(TM) @ (T*M)) by
VS(X, X1, X)) = (Vx9) (X1, - X,),
thus VS € T(Q"(TM) Q' T*M)).

2.2. Curvatures. We shall use the following classical definitions for the various curva-
ture tensors. The curvature tensor is defined by

(5) R(X,Y)Z = -Vx(VyZ)+Vy(VxZ)+Vixy1Z, VX,Y, Zecl'(TM).
The Riemann curvature tensor is given by
(6) Riem(X,Y, Z,T) = g(R(X,Y)Z,T), VX,Y,Z T e€T'(TM)

and the Ricci curvature tensor is defined by
(7) Ric(X,Y) =) Riem(X,e;,Y,e;),
i=1
for an orthonormal basis (ey, - - - €,). The notion of sectional curvature will be also used.
For every (X,Y) € (T,,M)?, we define the sectional curvature of the plane (X,Y") as

R(X,Y,X,Y)
g(X,X)g(Y, Y) - g(X7 Y)Q.

R(X,)Y) =
2.3. Metric on tensors. Let us recall the musical applications: for a 1-form w, we
associate the vector field w* defined by
g’ Y) =w(Y), VY eI (TM)
and for a vector field X, we associate the 1-form X" defined by
X(V)=g¢g(X,Y), VY eI(TM).
The Riemmanian gradient of a function is then defined as
gradp = (dp)*.
More generally, for tensors 7' € I'(QPTM ®?T*M), we have
T"=CHg'@T) e T(@TTM <7 T*M),
T =ClgT) e T(RP'TM @ T*M),
divT = C{VT € T(&"'TM ®*T*M)

where C]i» stands for the contraction of the ¢ and j indices for tensors.
We can define a metric on 1-forms by setting

g(w,n) == g(w',n"), Vw,neT(T*M).
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We can then extend the definition to general tensors fields in ['(®PT'M @7 T*M), by
setting

g:=(8"g) ® (®9).
In local coordinates (x',...,2"), for T, S € T(@PTM @1 T*M), i.e.

T=T;"7 0 @ @0y @d2" @+ @ da’",

S=S0 0,0 @0, @dite @ dh,

!
!

this yields the expression

9(T,S) = Guiy -~ Goy g - TGS
We shall also use for tensors the notation
(8) IT|> = g(T,T).
We define the Sobolev norms of tensors T € I'(QPT M @9 T*M) by

1
1T |lyymr = ( > / g(VFT, V*T)? dvol) oWt = g™
M

0<k<m

2.4. Normal coordinates. To compute intrinsic objects in local coordinates, it will be
very often convenient to use normal coordinates. More precisely, we shall use that in the

vicinity of any point my, there exists a coordinate system (x!,--- ™) such that at the
point my the coordinates of the Riemannian metric and the Christoffel coefficients verify
(9) gij(mo) = dyj, Tfj(mo) = 0.

2.5. Some useful geometric formulas.

Lemma 2.1 (Kato inequality). For any vector field u
(10) Viul| < [Vul.

Proof. We prove the inequality at each point m by using a normal coordinate system
centered at m. Let us set e; = 9/0z" = J;, then (e1,--- ,e,) is an orthonormal basis at
m. By using (9) and by Cauchy-Schwartz inequality we have on the one hand

V()7 = D Oul) 0 = 4 9(Veu,u)],, < 4Vulf,fulf,,,

on the other hand
V(Jul*)7m = 4V (lu))[u) s
so we obtain
[(V(JuD) D)7, < [Vul?,lulf,
which yields the result. O]



6 V. PIERFELICE

Let us denote by A, the Laplace Beltrami operator and by X the Bochner Laplacian,
(11) Ku=—V*'Vu = Tr, (Vu)
where V* is the formal adjoint of V for the L? scalar product and
Tr, (V?u) = g"V?u(e;, e;)
in local coordinates.

Lemma 2.2. For any vector field u, we have Bochner’s identity

(12) 2, (90, ) = 9, w) + 6(V, V).

Note that in the right hand side the scalar product g(Vu, Vu) is the scalar product
on (1,1) tensors defined above.

Proof. To prove the formula, we shall compute each term in the formula in normal
coordinates at m for any point m. Let us set ¢; = 0/0x" = 0;, then (e1, -+ ,e,) is an
orthonormal basis at m. By using the properties (9) of the normal coordinates at m, we
have

€i,€4

%
(Au)/m = (V2 W) fm = (Vei (Veiu))/m
Therefore, we obtain by using (4)

9(Kuu) = (0:(9(Vest, ) = 9(Vest, Vo))

/m
and hence

%
(g(Aua u) + g(vu7 Vu>>/m = (81 (g(vezuv U)))/m
by using again (9). To conclude, we observe by using again (4) that
1
g(vez'uv U) - 582 (g(u7 u))
and then that
1

DO | =

(9:(9(Ve,u, u))/m =
(]

2.6. Functional Analysis on non-compact manifolds. In all this paper, we shall
consider smooth, complete, non-compact, simply connected Riemannian manifolds M of
dimension n > 2 that verify the following assumptions

e (H1) |R| + |VR|+ |V?R| < K;

o (H2) —%g < Ric < —¢qyg, for some ¢y > 0;

e (H3) k <0;

e (H4) inf,cprr, > 0;
where R is the curvature tensor, Ric is the Ricci curvature tensor, k is the sectional
curvature and 7, stands for the injectivity radius for the exponential map at x.
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Remark 2.3. This set of assumptions have several important consequences, which will
be crucial in the following.

(1) C>°(M) is dense in H*(M), (see [26]);
(2) From Varopoulos [56], (see also [26]) the Sobolev inequalities are verified. In
particular

Ml FI72 any < IV FlE2ary, Vf € HY (M)

is verified for some n, > 0, where 2* = 2n/(n — 2) if n > 3 and 2* is arbitrary in
(2, +00) when n = 2.

(3) In dimension n = 2, we also have the continuous embedding W1(M) C L*(M),
therefore there exists C' > 0 such that

1A Z20ry < € IV Flprany + [ f lz2any) -
By using this inequality with f = |g|* and by the Cauchy-Schwarz inequality we
obtain the following Gagliardo-Nirenberg inequality
gl < € (19913200 912200 + lgllEzan) -
(4) From Setti [51], (see also [42]) the Poincaré inequality
Oull fllz2ary < IV FZ2ary,  Vf € HY(M)
is verified for 6, > [co — (n — 1)(n — 2)r*|/4 > 0, with k* = sup,, k.

Remark 2.4. An important example of non-compact Riemannian manifolds for which
our hypothesis (H1-4) hold true are the well-known real hyperbolic spaces M = H"(R), n >
2, defined as follows

H* ={Q=(r,2) e R"", Q= (coshr, wsinhr), r >0, we S},
the metric g being
g = dr* + (sinh r)*dw®

with dw? the canonical metric on the sphere S *.
The Ricci curvature tensor is constant, Ric = k(n—1)g with k the sectional curvature
giwen by k = —1. In fact, the curvature tensor is

R(X,Y)Z = kRo(X,Y)Z, VX,Y,Z e T(TH")

where Ry(X,Y)Z := g(X,2)Y — g(Y, Z)X (which also implies that VR = 0) and thus
the Riemann tensor is

Riem(Xa Y. Z, T) = kg(RO(Xa Y)ZaT) == [g(X7 Z)g(YV, T) - g(Y, Z)g(X’ T)]

Assumptions (H1-4) are also verified by several other classical ezamples in geometry,

like some Damek-Ricci spaces and all symmetric spaces of non-compact type (see [15],
[55], [27], [18]).
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3. THE NAVIER-STOKES EQUATIONS ON MANIFOLDS
The Navier-Stokes equations on a Riemannian manifold (M, g) takes the form
ou+ Vyu+gradp = vLu, divu =0,

where the diffusive part is defined by the operator L. The unknowns (u,p) are such
that the velocity wu(t,-) € I'(T'M) is a vector field on M and the pressure p(t,-) is a
real-valued function. For the left hand side of the equation all terms have a natural
definition. Indeed, V,u € T'(T'M) stands for the covariant derivative of u along of u and
grad p is the Riemannian gradient of the pressure. Note that since u is divergence free,
we have also the following identity

(13) Vou = div(u @ u).

To define the vectorial Laplacian L, we have to make a choice since there is no canonical
definition of a Laplacian on vector fields on Riemannian manifolds: there are at least
two candidates for the role of Laplace operator, i.e. the Bochner and Hodge Laplacians.
Following [17], [54] (see also [50], [43]), the correct formulation is obtained by introducing
the stress tensor. Let us recall that on R”, if divu = 0, we have

Lu = div (Vu + Vut) = Au.

The natural generalization on M is to take
Lu = div (Vu + Vu')* € T(TM).
Since wu is divergence free, we can express L in the following way:
Lu=Ru+ r(u),

where r is the Ricci operator which is related to the Ricci curvature tensor by

r(u) = (Ric(u, ))ﬁ e I(TM).
By using the Weitzenbock formula on 1—forms
(14) Apu’ = V*Vu’ + Ric(u, -),

where Ay = d*d + dd* is the Hodge Laplacian on 1-forms, we can also relate L to the
Hodge Laplacian:

Lu = ( — Ag’ + 2Ric(u, ))jj

Let us consider the Cauchy problem for the incompressible Navier-Stokes equation on
M (assume v = 1)

%
Ou~+ Vyu + gradp = Au+ r(u),
(15) divu =0,
U= = Uo, Ug € I'(T'M).
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In view of its own structure and by (H2), we can deduce that the smooth solution of
(15) satisfies the following energy inequality

(16) ()] +/0 (IVu(s)lIZ2 + collu(s)l72) ds < [luollZ--

Indeed, multiplying « in (15) and then integrating on M by part combining with the
Bochner identity (2.2), we have (16). According to (16), it is natural to construct weak
solution that verify the energy inequality. Nevertheless we expect at least the same
difficulty as in the Euclidean case (at least in dimension greater than 3) and hence it
is also natural to study Kato type solutions. In both cases, one has to be careful when
eliminating the pressure. Indeed, in the Euclidean case for smooth solutions it is well
known that the pressure term p can be eliminated via Leray-Hopf projections and that we
can view Navier-Stokes system (1) as an evolution equation of v alone. On a Riemannian
manifold M some problems may occur since the Kodaira-Hodge decomposition of L? 1-
forms on complete manifolds is under the form

L*(D(T*M)) = Image d ® Image d*®H' (M)

where H'(M) is the space of L? harmonic 1-forms (see [34]). It may happen that there
are non-trivial L? harmonic 1-forms which are responsable for non-uniqueness (even in
dimension two, [13], [32] on the hyperbolic space H?). We shall make the following choice
for the pressure in order to eliminate this non-uniqueness phenomenon. We first note
that if (u, p) is a smooth solution of the Navier-Stokes equation (15), then by taking the
divergence of the first equation in (15) and by noticing that divu = 0, we obtain that

(17) Agp + div [V,u] — 2div(ru) = 0.

We used the consequence of Weitzenbock formula (14) that diV(KU) = div(ru) if divu =
0. In order to determine the pressure, we shall always choose the solution in LP of this
elliptic equation since A, : WP — [P is an isomorphism thanks to the assumptions
(H1-H4) (see [41], [52] for 2 < p < 00). It follows that

gradp = grad(—A,) ' div [V,u] — 2 grad(—A,) " div(ru).

We shall discuss why this choice is appropriate to get uniqueness results (in relation with
the counterexamples of [13], [32]) in section 6. It will be convenient to use the notation

P = I+ grad(—A,) " div.
Solving p from (17) and inserting it into (15), we get

Oy — Ku — r(u) + 2 grad(—A )t div(ru) = =P [V,u],
(18) divug = 0,
U|t:0 = Uy, Uo c F(TM)

From (18), we see that the Navier-Stokes system on M belongs to a class of non-linear
parabolic equations on vector fields.

We remark that when the Ricci tensor Ric is a negative constant scalar multiple of
the metric and divu = 0, we have div(ru) = 0 and the linear non-local term disappear.
In particular this occurs on the hyperbolic spaces M = H"(R) (see Remark 2.4).
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In order to use the fixed point method, we need to prove dispersive and smoothing
estimates for the semi-group associated to the linear part of the Cauchy problem (18).

4. DISPERSIVE AND SMOOTHING ESTIMATES

4.1. The case of vectorial heat equations. We study the Cauchy problem for the
heat equation associated to the Bochner Laplacian on vector fields:

(19) { Oyu = Xu + 7(u),
U= = Up, up € I'(T'M).

We shall prove dispersive and smoothing estimates for the semi-group associated to
this vectorial heat equation (19) on M of dimension n > 2 satisfying our assumptions
(H1-4).

These kind of estimates are related to the behaviour of the heat kernel which is well
studied in the literature for various types of manifolds for both the Laplace-Beltrami
and the Hodge Laplacian (see for example [38], [2], [3], [25], [41], [47], [56], [10], [12], [4],
48], [6] and others)

The main results of this section are:

Theorem 4.1 (Dispersive estimates). Assuming (H1-4), the solution of (19) satisfies
the following dispersive estimates

_)
(20) e ) 0 < en(t) 55) e Omato) [l 1,

for every p,q such that 1 < p < q¢ < 400, with 7,4 = %n [(% _%) +§<1_%>]’
cn(t) = Cymax (5, 1) and for all ug € LP(T(TM)).

+2
Theorem 4.2 (Smoothing estimates). Assuming (H1-4), the solution of (19) satisfies
the following smoothing estimates

(21) Hvu@ﬂupg<7mm<<§?1)e*@ﬁ“?0—ﬁhmdup

for every 1 < p < 400 and for all ug € LP(I'(T'M)).

Under the same assumptions as in Theorem 4.2, we can deduce more general smoothing
estimates LP — Wha,

Corollary 4.3. Assuming (H1-4), for every p,q such that 1 < p < q < 400, we obtain
for all times t > 0

_)
(22) ||vet(A+r)u0||Lq S Cn(t)(%—%-i-%) eft(coJr'Yq,q;“/p,q)HUOHLP’
with ~pq = % [(% — %) + S (1 - %)} , cn(t) = C,, max (%%, 1) and for alluy € LP(T(TM)).
Moreover, under the same assumption, we have
_)
(23) BT T 10 < en(t)Gmata) et (ot 255220y
with v, = %” [(% — %) +§ (1 — %)} , cp(t) = C,, max (%%, 1) and for all tensors Ty €

LP((TM @ T*M))
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Proof. 1t is sufficient to use the semi-group property combined with the smoothing (21)
and dispersive estimates (20)

SHB+r) (R (63(2+r)) TPy L4 s e

The second estimate follows by duality. Note that r is symmetric for the metric g by
definition. 0

Remark 4.4. Note that, since
VT = —div(T%), VT €e(TM @T*M)

from (23) we also get the following smoothing estimate

-~ 1 1,1 Yq,9+Yp,q
(24) | B div Tl o < ca(t)bat0) et (or 2 m2) iy
with Yy, = %2 [(;1) — %) —i—% (1 — %)} , n(t) = C), max (%%, 1) and for all tensors T} e
LP(T(TM @ TM)).

4.2. Proof of Theorem 4.1. We shall split the proof of Theorem 4.1 in several steps.
We shall first start with a comparison lemma that allows to reduce the proof of estimates
for the vectorial Laplacian heat equation to estimates for the Laplace Beltrami heat
equation.

Lemma 4.5. For any ug € Cy°(I'(T'M)), we have the pointwise estimate
%
|et(A+r)u0|/x < et(Ag_CO)|u0|/m, Ve e M

Proof. Let u(t,z) = (et(z“)uo)(x) be the solution of the vectorial heat equation (19).
We note that |u| = g(u,u)? solves the following scalar heat equation
1 U
aul = Ayful = (9l = 9u?) + 9 (. ).
|ul |ul
Indeed, we have the following consequence of the Bochner identity (12)
_ 1A |ul? 2 2 2
o (Ro ) BBE T WP
ul )2 Jul Jul Jul Jul

By the Kato inequality (10), we have that
[V]ul]® = [Vul* <0
and thanks to (H2), we also get that

u
o () ) < ~all,
therefore, we finally obtain that
Oul — Aglu| + colul <0

and the estimate follows from the maximum principle. O
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As a consequence LP — L9 estimates for (A, — ¢g) will imply LP — L7 estimates for

%
(A +7). Therefore, we shall first establish the dispersive estimates for the heat equation
associated to the Laplace Beltrami.

Proposition 4.6. (L — LP estimates)
For every p € [1,+00], we have for some cy, 6, > 0, the following estimate

o 46n (p—1) e
125 folancany < e S Y ol

Proof. Let us set f(t,z) = e/®s7<0) f; then f is a solution of
(25) ouf — (B, — o) =0.
By multiplying the equation by |f|P~2f and by integrating on the manifold, we find

d p— 1 P
(26) £||f||’£p+4T||V(|f|2)||iz+00p||f||’£p <0.

By using the Poincaré inequality in (4) Remark 2.3, there is some d,, > 0 such that
Sullhllz> < VA2

with h = | f|%, we obtain that

o+ (4= ) s, <o,

so by a Gronwall type inequality we can conclude. O

Proposition 4.7 (L' — L™ estimates). For every p € [1,+0c|, we have the dispersive
estimate

n . 1
”et(AgicO)fo”Loo(M) S Cn<t)€7t(%+co)Hfo”Ll(M), with Cn<t) = Cn max <t—ﬂ7 1) .
2

We shall give a proof suitable for any manifold that satisfies our assumptions (H1-
4). For non-compact manifolds that enjoy a nice Fourier analysis like the hyperbolic
spaces, Damek-Ricci spaces or symmetric spaces of non-compact type, such results can
be obtained directly from heat kernel estimates (see [2], [3] and others).

Proof. We need to distinguish the n > 3 and n = 2 cases due to the fact that the Sobolev
embedding of H*(M) in L* (M) is critical in dimension 2.

e We begin with the proof of the case of dimension bigger than 3, which is more
direct. We use a classical argument (see for example [58]) to prove dispersive
estimates for the heat equation in euclidean cases by using suitable energy esti-
mates and Sobolev embeddings. Here we can use the Poincaré inequality in our
argument to improve the large time decay. We first use (26) with p = 2

d
Ol + 20V F Ol z2ar) + 20l f O z2ary < 0
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and by combining it with Sobolev-Poincaré inequalities in (2) and (4) Remark
2.3, we have

d
IOz + Ml F ON52+ (ary + G0+ 20) [ (D221 < 0.
Since by interpolation and the decay of the L' norm ((26) with p = 1), we have
1F @Oz < NFONZanlf O 250 < CUIF O,

with £ =a + (1;—0‘) that is to say o = 25 and C' = || f(0)]|z1(ar), we obtain

d Mn
@Hf(t)lli%m + C?Hf( )HLQ* + (6 + 2¢0) | f(0) |72y < 0

Next by setting y(t) = || f(¢)]|? 12(vy» We find the following differential inequality

Y (1) + (0 + 2¢0)y(t) < ——toy(t) 5.

11—«

Then
£(t) = (D)1=
solves

z’(t) < — "In Z(t)ﬁef(énmco)ﬁt

and hence by integrating, we obtain

20 Ta a—1
l—« Qa—2
2(t) < [ (6, + 2c0) (1 e*“n”coﬂr) °
M
this yields
2a % a—1
11—« - =
y(t) < [ (6, -+ 2c0) ( (Bnt2e0)t 25 1)
T

We have thus proved that

1

1 _48n . . 1
Hf(t)HLQ(M) S Cn(t)Qe t 2T O)Hf()HLl(M)v with Cn(t) = Cn max (—ﬂ, 1)

t2

Therefore 28~ [Y(M) — L*>(M) with norm less than ¢, (%)ze 3¢
By duality ez(®s=<) . [2(M) — L°°(M) with norm less than cn(2)1e 3
Finally, since e/(2o—0) — ¢5(8g=c0) g3(8o—co) : [1(M) — (M), with norm less
than cn(%)e_t(%"“o) and we get the desired dispersive estimate for n > 3.

e In dimension n = 2, we shall first prove the L*(M) — L°(M) estimate by using
the Nash iteration method (see [44]). To do so, we use (26) with p =4

d
T Olzany + IV SO z2r) + 4ol f Ol zaary <0
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By multiplying by ¢ the last inequality and by using the Gagliardo-Nirenberg and
Poincaré inequalities (see (3) and (4) in Remark 2.3) we have

d
(27) = (5O NLaan) < CIVIOI 21 O 2qar)
Since by using (26) with p = 2, we have
t
1F 1220 < 1FO)Z2s and /0 IV F (O 2 0ndm < 1LFO) 2000
we obtain by integrating (27) on [0, ] the following estimate
C
(28) 1 (M 2y < ?Hf@)HAi?(M)-
We have also for t > s > 0
Oon < (-5 176
LAM) > (t — 3) S L2(M)-

Since | f|*""" is a non-negative sub-solution of the heat equation (25), we can use
(28) with f replaced by |f[*""". This yields

C
IF @)l v+ ) < (W

For every t > 0, let us set t} = t(l —
that

IS

) O]

l%}—l); we deduce from the last inequality

Clk+2)z\* "
17 ()l s < (¥> 1t 2

By induction we find
Ol s 1) [(k 4 2)3 (k4 1) 2

()

Since, when k£ — oo, we have that

Hf(thrl)”L2’“+1(M) <

1£ () L2 an) -

1 1 1 1
t(m+2¢+"'+z) — t2,

that C(#T+#2++1) and the product [(/{: + 2)%(k + 1)%% » ~2} are bounded,
we get

(29) 1 ()| oo (ary < —1||f( )zzan-

Q

l\.')

As expected on a non-compact mamfold with negative curvature, we can improve
the decay in the last estimate for large times.
Actually, for t > 1 by the semigroup property we can write

et(Ag_CO) — 6%(Ag_00) G(Ag_CO) 6%(Ag_00).
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Thanks to Proposition 4.6 we have that ez (ds=<0) . [2(M) — L2(M) is bounded
with norm less than e~z (2+<) and that ez Qo=0) . L°(M) — L®(M) is

bounded with norm less than e~z . Moreover, by (29) with ¢ = 1, we have also

that e(®9=0) . [2(M) — L>®(M) is bounded. Thus for ¢ > 1 we obtain

3
(30) 1Ol < Ce™ O F(0) ]2 as
From (29) and (30) we get

1
1FB)lean < ea(t)2e E D ol aary, with ex(t) = C2max(¥’1>'

As before, by a duality and composition argument we deduce the claimed disper-
sive estimate in dimension 2

CH{P2e
LF @)z < calt)e F | F(O) oy

0J

End of the proof of Theorem 4.1. Finally we prove LP — L7 dispersive estimates for

the Bochner heat equation. Thanks to Lemma 4.5, it suffices to prove the corresponding

estimates for the Laplace Beltrami semi-group. To do so, we shall use many interpolation

arguments. First, we can use Proposition 4.6 for p = 1 and Proposition 4.7 to obtain

the following estimate

| e"Aa=) | g < Ce_cote_w_n(l_%)cn(t)(l_%) Ve[l +o0]
and by duality we deduce that
| R0 || oo < Cefcote_f_gcn(t)% Vp €l +oo].

Next, by interpolating the last estimate and the LP — L? estimate in Proposition 4.6 for
p € [1, 00|, we conclude the proof obtaining L? — L9 estimates for 1 < p < ¢ < oo with

the norm Cn(t)<%_%> e~ et e where 7, = & [(% — %) + % (1 — %)] and ¢, (t) =
C,, max (i@, 1).
t2

4.3. Proof of Theorem 4.2. We shall split the proof into several Lemmas.
Lemma 4.8. Assuming (H1-4), we have the following estimate for p > 2

X 1
(31) Ve 2Dyl < C max (%’ 1) llwol|le, ¥V t>0.

Proof. The following proof generalizes to the vectorial Laplacian some arguments yielding
log Sobolev inequalities for the Laplace Beltrami operator on Riemannian manifolds (see

ur
for example [6]). Let us consider P, = e’ and @, = e/(“~1). We shall prove the crucial
pointwise estimate

(32)  |[VQuol <

d(t)

aq

1
(Pt(|u0|2) - |Qtu0|2) - |QtU0|2> d(t) = (62a1t _ 1)’
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with a; = — (max(co, %) +2Kn+2Kn? + 2) < 0.

Since

1 o Tifo<t<l,
O { ap if t>1,

we obtain

1
|VQtU0|2 < C; max (;7041) Pt(|uo‘2)

which, by integrating on M and by using that P, : L% — L% is bounded for p > 2 proved
in Proposition 4.6, implies

1
2

P
L2

1
IV Qutollzr < €, max <%’ 1) 1Py (o)

1 _ 4tén (p—2)
33 <(C,max|—,1]e »? Up||Lr
() < (1) 5l

which yields the proof of the Lemma.
It remains to prove (32). We note that by using the following properties
d

d -
(34) £Ps = AgPs = PSAg and %Qt,s = —<A — [)Qt737

we can write

bd
Py (|U0|2) - |Qt U0|2 = /0 s (Ps (|Qt—s u0|2)) ds

t
= [ P81 wf) — 2 (BQu-sto, Qv ) + 211l ds.
0

From Bochner’s identity (12) in Lemma 2.2 for the vector field u = Q;_ ug, we obtain

t t
Py (|uol?) — |Quuol? = 2 / Py (IVQrstto + |Qrsuol?) ds =2 / &5 (s) ds.
0 0

where
U(s) = e Py (IVQistio|* + |Q—suol?) > 0.

If we can choose the parameter o € R such that ¢ is nondecreasing, we obtain

P, (\u0|2) — @y u0|2 > 21/1(0)/0 e ds = d(t) (\VQt ug)? + |Qt,su0\2)

and the conclusion follows. Finally we have to prove that: there exists o € R such that
Y'(s) > 0. With explicit computations and by using again the semigroup properties (34),
we write for all m € M

wl<3)/m - 6720{3 Ps [_204 (‘thfsuO‘Q + |Qtfsu0‘2) + Ag (|thfsu0|2 + ‘Qtfsu0|2)
=29 (V(& = DQust0. V@i + 9 (B = 1)Qr-stio. Qs )]

m
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by using Bochner’s identity (12) again, we can simplify the last expression obtaining

@Z)/(S)/m = ¢ Py [B(m)]

where

B(m) = [(8V Qs uol?) =29 (VAQu 10, VQu- o)

(20 +1)[Qus uol* — 20|V Q:- wof?]

m

By the maximum principle it is sufficient to prove that B(m) > 0,¥Vm € M. We
compute B(m) for each m € M by using normal geodesic coordinates at m. Let us set
e; = 0/0x' = 0;, then (eq,- -+ ,e,) is an orthonormal basis at m. By using the properties
(9) of the normal coordinates at m and by the connection property (4), we can write the
first term of B(m) as follows

(A IVQ:—s U0|2) 6 (9”9 (Vel (Qi—suo), ej(Qt—s Uo)))/m

(82 U) ( ez(Qt suo)avej Qi suo)) +9/mak( ( ei(Qt—SUO)aVEj(Qt—SUO)))/m

(82 U) ( ez(Qt suo)avej Qi suo)) +29 (V Ve,(Qt—s UO)avekVeJ‘(Qt—s UO))/m
9 (VerVer Ve (Qims ), Ve, (Qimy 1)) 4979 (Ve (Qims 0), Ve, Ve Ve, (Qis o))

(
(
-

Thus, by using the expression (11) of the Bochner Laplacian and the norm on tensors
(8) in normal coordinates at m, we can write

(Ag‘thfs uO‘Q)/m = (aggw)/m g (vez'(Qtfs UO), vej (Qtfs uO))/m
+21V°Qu il + 29 (A Ve Qs ). Ve (@us )

m

Therefore

B( ) (82 Z]) g (Vei(Qt—s uO)a Vej (Qt—s UO))/m + 2|V2Qt_suo|?m
— —
+29 (A Qs i) = Ve A Qs 10). Ve (Qus))

— 20+ D|Qe—s o}y, — 20V Q1—s uo],-
/ /

Now, let us compute (Kvei(QH uy) — VeiK(Qt,s uo)) at m. By using (11) and (5),
we have
%
vei A (Qtfs uO)/m = (vei (vek Vek (Qtfs UO) - Vvekek (Qtfs uO)))/m

- [vekvei(vek(Qt—s uO)) - R(eia ek)vek (Qt—s UO) + V[ei,ek]vek (Qt—s UO) - Veivvekek (Qt—s UO)} /m
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We note that [e;, ex] = 0 for every point p in a vicinity of m and since Vy, ., = 0 at m
this yields

veivvekek (Qt—s uO)/m
= [Vvekek (veiQtfs UO) - R<ei7 Vvekek)QH Up + v[ei,VvekekKQtfs UO)] Jm = v[ei,vvekekat*S uO)/m

and applying again (5), we obtain

V@K(QH Up) jm =
[vekvekvei(Qt—s ug) — Ve, (R(es, e)Qi—s ug) — R(ei, ex) Ve, (Qi—s uo) — v[ei,vvekek](Qt—s uo)] .
= AV (Qustio) = [(VR) (e e3,e0)] Qs o)
— 2R(€i, 1) Ve, (Qt—s 10) jm — V[ei,kaek](Qt—s Up) /-
By using the Cristoffel symbols, we have
s, Voo,elm = [(0Th) €],
Thus

B(m) = ( 2gij)/mg (Vei(Qt—s Uo)a Vej(Qt—s UO))/m + 2|V2Qt—suo|?m
+29 ([((VR)(ex, i, ex)](Qi—s o), Ve, (Qr—s Uo))/m+4g (R(es, ek)vek (Qi—sug), Ve, (Qi—s Uo))/m
+2 (8Z-Ff,€k)/m g (Ve (Qi—sup), Ve, (Qr—s uo))/m — (2a4+1)|Q;_s u0|?m —2a|VQ;_s u0|?m.
We can rewrite the last expression with the curvature tensors. Indeed by (6), we have
4g (R(ei, ex) Ve, (Qr-s o), Ve, (Qr—s o)) ., = 4 Riem(es, ex, Ve, (Qr—stio), Ve, (Qi—stto)) /m
By [16] (p.15) and (7)

n

y 2 2
Z (Qggw)/m =3 Z Riem(e;, ex, €5, €x) jm = 3 Ric(e;, ;) /m.-
k=1

k=1 —

By using
1
Ffj =5 (le (0:g1 + 0j9a — 819@']’))
and again by [16], we also deduce
- ! - L. 1_. 1.

Z (@'Fkk) = Z —= Riem(eg, €;, €1, €;) + = Riem(eg, e, ex, €;) + = Riem(ey, e;, e, €;) ,
k=1 " k=1 3 6 6 /m

by the symmetry properties of Riemann tensor and (6), we obtain

n

2.
Z (@Tﬁm)/m =3 Ric(es, €1) /m-

k=1
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Thus we have

B<m) =2 Ric<€i7 ej)/m g<v6i (Qt*SuO)u vej (Qt,sU()))/m + 2‘v2Qt75u0‘3m+
4 Riem(eia €k, vek(Qt—SUO)a Vei (Qt—SUO))/m - 2a|th—S u0|?m+
29 ([(VR)(ex, €i, )/ (Qr—s o), Ve, (Qi—s U0)) = (200 + 1)| Q15 10|
By hypothesis (H1-2) we have
1
B(m) > |VQt_Su0|?m (—2& — 2max (co, —) —4Kn — 2Kn%) +|Qt_su0|?m (—204 —-1- 2Kn%> .
Co
We can see that B(m) is positive for o < ay. In particular, by choosing
1
ap = — (max (co, —) +2Kn+2Kn? + 2) ,
Co
we end the proof of the Lemma. O

Lemma 4.9. Assuming (H1-4), we have the following estimate for 1 < p < 400

X 1
(35) Ve 2Dyl < C max (%’ 1) llwol|le, ¥V t>0.

Proof. We have only to prove the estimate (35) for 1 < p < 2. We can use that, for
vector fields u € I'(T'M),

1
[Vulle ~ [(=A)2ul[r, 1 <p<+oo,

—._1
which is essenthilly the LP boundedness of the Riesz transform V(—A)~"2 (see [41],
1 =
[52]). Thus (—A)2 MA=D . [P — [P satisfies (31) for 2 < p < +o0o and by duality
1 N * 7 1 1 N / /
((—K)Eet(A_”) = et(A_I)(—K)E = (—K)Eet(A_I) . [P — [P we obtain (35) for

1<p <2 O
%
We shall now establish short time L? — LP estimates for the operator Ve/(4+7).

Lemma 4.10. Assuming (H1-4), we have the following estimate for 1 < p < 400

= 1
(36) Ve B4y » < C max (%, 1) llwollLe, VO<t<1.

Proof. Since
VetK ot vet(z—l)’

we deduce from Lemma 4.9 that

(37) IVeB gl < C max (i, 1) o llr
< Vi

for 0 <t <1and 1< p < +oo. By using the Duhamel formula, we have

— — t — —
VA = Vet g +/ Vell=9)4 ('r’ (es(AJrr)uo)) ds,
0
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thus we obtain
— — t — —
Ve 2| o < (| Ve ug|| 1o —i—/ |Veli=)2 ('r’ (eS(A”)uO)) || rds
0

hence

1 ! 1 (K+4r)
< Cmax (1) fuols + € / ma (1) ()
0 =

By hypothesis (H2) and (20), we have
— 1 — 1
|7 (e* B+ ug) || » < C'max (co, —) e A+ e]| 1 < C max (co, —) e~ t0mateo) |yl 1o
Co Co

Thus we obtain

HVet(X”)u |zr < C !
of|lLr > max \/E’ HUOHLP

for short time 0 < ¢t <1 and 1 < p < +oc. O
_)

By previous LP — LP estimates (36) for the operator Ve/(2+") and by duality argu-

ment, the following estimates are true for 1 < p < 400 and short time 0 <t <1

~ 1
(38) Het(AJrr)v*ToHLp S C max (%, 1) HT()HLP,

for tensors Ty € LP(I(TM @ T*M)). To get large time estimates, we use the semi-group
property combined with last estimates at ¢t = 1 and L” — LP dispersive estimates (20)

B4 t-D(E ) (6(X+r)v*> CIP s IP s [P
This yields for 1 <p < +ocand t > 1
— n 1
(39) ||6t(A+T)v*TO||Lp < Ceft (coJr%(le))HTOHLP’
for all Ty € LP(I'(TM @ T*M)). From (38) and (39) we deduce for all time ¢ > 0 and

1<p<+4o0

= 1 n
(40) 1A+ Ty || » < € max <%, 1) e_t<co+%(1_%>)||To||Lp.

for all Ty € LP(T(TM @ T*M)). Finally, by duality again we finish the proof of Theorem
4.2 obtaining smoothing estimates (21) for vector fields.

4.4. The case of the Stokes equations. In this section, we shall consider the following
Stokes type linear equations
%
Ou — Au —r(u) + 2 grad(—A,) " div(ru) = 0,
(41) divug = 0,
U= = U, Ug € I'(T'M).
It will be convenient to use the linear operator

Bu = —2grad(—A,) " div(ru).
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Note that thanks to the boundedness of the Riesz transform on a manifold that satisfies
the assumptions (H1-4) (see again [41]), B is bounded as a linear operator L’ — L? for
every p, 1 < p < 4o00. First we shall prove the following dispersive estimates for small
time:

Proposition 4.11. Assuming (H1-4), the solution of (41) satisfies the following dis-
persive estimates: for every p,q such that 1 < p < q < 400, there exists C > 0 such
that

(42) lu(®)|ze < Cen®)G™) |Juglls V0 <t <2, Yug € LP(D(TM)),
with ¢, (t) = max (ti%, 1).

Proof. We begin the proof with the case p = ¢q. By using the Duhamel formula we can
write

— t —
u(t) = "By + / A By (1) dr
0

Thanks to (20) in Theorem 4.1 with p = ¢, we have

t
[ e < Clluo] o +/0 Cllu(r)| adr

and hence from the Gronwall inequality, we find
(43) lu(t)llze < CeJlugllza, ¥t > 0.

Note that the large time behavior is not good and will be improved later.
Next, thanks to (20) in Theorem 4.1, we obtain

()0 < ca(t)Ea) e mate) g o+

t/2 L t
/ len(t — 7)) e~ D Cmated) |1y (7| Lodir + C / ()| padr
0 t/2

t

11 11 /2
S&MMFﬁwﬂm+&MNTﬂA wwwmm+01nmmmm

/2

by using the estimate (43), we deduce the following estimate for 0 < ¢ < 2

t

|wmmsc%m@ﬁmwm+c/nmwmm

t/2

and hence by setting y(t) = cn(t)_@_%) |lu(t)|| La, we get

t
1

mwSOMﬂm+——9—7[cAﬂ@ﬁwvwfscwmm+cAyva

()

and by the Gronwall inequality we can conclude. O
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Theorem 4.12. Assuming (H1-4), there exist > ¢y > 0 such that the solution of the
Cauchy problem (41) satisfies the following estimates

(44) lu)llze < Ce™ (|luolls + lluollz2), V>0,

for every p such that 2 < p < +oo, for all ug € LP(T(TM)) N L*(T(TM)) and some
C>0.

Proof. In the case p = 2, the above estimate is a direct consequence of the energy estimate
for the Stokes equations (41). Indeed, multiplying w in (41) and then integrating on M
by part combining with the Bochner identity (2.2), we have the following energy estimate

(45) ()] +/0 (IVu(s)lIZ2 + collu(s)l72) ds < [luollZ--

For p > 2, the LP — LP type estimate that we used previously does not yield a
good result for large times due to the additional term Bu that does not vanish. In the
following, we shall use an argument that relies on the L? — LP dispersive estimate. This
is the reason for which we also need the initial data to be in L?. By dispersive estimates
(42), we have

(46) a0 < en®)E0) e ugl 12, YO <t <2, p>2.

We use the semi-group property combined with the last estimate at ¢ = 1 and the
L? — L? estimates (44) for ¢ > 1, then

B 4r-B) _ (B+4r-B) (e(tfl)(Z)JrrfB)) L2 % [P
is bounded and we have
(47) [u(t)]|r < Ce ™ lugllr2, VE>2and p > 2.
Combining the last estimate and (42) with p = ¢, we deduce
(48) lu(t) e < Ce™™ (fuollzs + uollz2), ¥t >0 and p> 2
(]

Corollary 4.13. Assuming (H1-4), there exist 5 > ¢y > 0 such that the solution of the
Cauchy problem (41) satisfies the following dispersive estimates

(49) u(®)]|ze < Cea®) 0 e (uollio + uollz2), ¥t >0,

for every p,q such that 2 < p < q < +o0, for all uy € LP(T(TM)) N L*(T(TM)) and
some C' > 0 and

(50) ()| e < Cea®) ™) e Jlug|| o, V>0,

for every p,q such that 1 < p <2 < q < +oo, for all ug € LP(T'(TM)) and some C' > 0,
with ¢, (t) = max (ti%, 1).
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Proof. By using the semi-group property combined with dispersive estimates (42) at
t =1 and the L> N [P — LP estimates (44) for ¢ > 1

tB+r=B) _ (Btr-B) (e(tq)(waB)) CI2ALP —s LP —s LA

is bounded and we have that
(51) [w(t)]|pe < Ce™ (luollzr + lluollz2)

for t > 2 and for every p, ¢ such that 2 < p < ¢ < +00. Combining the last estimate and
(42) in Proposition 4.11, we deduce (49).

To prove (50), we note that (49) yields a L? — LP estimate valid for all positive times
and for p > 2. By duality, we deduce the L? — L? estimate and we finally get (50) by

— — -
using the semigroup property e (2+7=B) = ¢5(A+r=B)c5(A+r—B)

O

Proposition 4.14. Assuming (H1-4), the solution of (41) satisfies the following smooth-
mg estimates

1
%

for every 1 < p < q < +oo and for all ug € LP(I'(TM)).

(52) IVu®)|| e < C—=luollrr V0 <t<2,

Proof. By using the Duhamel formula we can write
z ' z
Vu(t) = Vel BFy, —|—/ Vet +T)Bu(7') dr.
0

Thanks to (21) in Theorem 4.2, we have

1 ¢ 1
93 Vu(t)||r < C—= P C pd
(53) IVt < Cellulln + | Ol
and by using (42) we find
1
Vu(t)||r < C—=||ugl|rr, VO <t <2.
IVuller < € ol

O

Theorem 4.15. Assuming (H1-4), there exist 5 > ¢y > 0 such that the solution of the
Cauchy problem (41) satisfies the following estimates

(54) IVu(t) e < Cen®Ga4%) e P (lugllio + uollz2), V>0,

for every p,q such that 2 < p < q¢ < +oo, for all uy € LP(T(TM)) N L*(T(TM)) and
some C' > 0 and

1

(55) IVa(®)|za < Cen®) G358 e Pt ug|ln, V>0,

for every p,q such that 1 < p <2 < q < +o0, for all ug € LP(T'(TM)) and some C' > 0,
with ¢, (t) = max (ti%, 1).
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Proof. We use the semi-group property combined with smoothing estimates (52) at ¢ = 1
and previous estimates (49) for ¢ > 1, then

B 4r-B) _ (K+4r-B) (e(tq)(waB)) L2 AP —s LA s e
is bounded and we have
(56)
IVu®)||ze < Cen(t — 1)G=0)eBED (lug|| o + [Juollz2), VE>2and 2 < p < g < +oo.
By using again the semi-group property combined with smoothing estimates (52) and
dispersive estimates (42) for short time 0 < ¢t < 2, we have that
HR+r-B) _ L(K+r-B) (eé(KJrrfB)) P s L9y e
is bounded and we obtain
|Vu(t)|| pe < Ccn(t)(%_%%)“uoﬂm, Vo<t<2and 1<p<gqg<+oo.

Combining the last estimate and (56), we can conclude the proof of (54).
To prove (55), we use the same splitting, the only difference is that for the large time
estimate we use (50) in place of (49). O

5. FuiitA-KATO THEOREMS ON MANIFOLDS

5.1. Strong solutions for Navier-Stokes on Einstein manifolds with negative
curvature. We will first restrict our attention to the case of non-compact Riemannian
manifolds M for which the Ricci tensor Ric is a negative constant scalar multiple r of the
metric. By using (13), in this case is more convenient to rewrite the nonlinear Cauchy
problem for u(t,-) € I'(T'M) in the following way

(57) Opu — (Ku - ru) = —P(div(u®u)), Pv=uv+grad(—A,) 'divo,
Ujt=0 = U, div Ug = 0.

We recall the definition of well-posedness:

Definition 5.1. the Cauchy problem is locally well-posed on a Banach space X if for
any bounded subset B of X, there exists T > 0 and a Banach space Xr continuously
contained into C([0,T], X) such that:

i) for any Cauchy data ug(z) € B, (57) has a unique solution u(t,z) € Xp;
ii) the flow map uy € B — u(t,z) € Xr is continuous.
We say that the problem is globally well-posed if these properties hold for T = +oo.

Theorem 5.2. ( Well-posedness on M ) For every ug € L"(I'(T'M)), with divug = 0,
there exists T > 0 and a unique solution u of the incompressible Navier-Stokes equations
such that w € C([0,T], L"(I(T'M))) N X7p.

Moreover, there exists 6 > 0 such that if ||uol|zrerary) < 0 then the above solutions are
global in time.

In dimension 2, the solutions are global for large data.

The Banach space X will be defined below.
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Proof. We have to solve the fixed point problem
- ¢ -
u(t) = B +y, — / AP (div(u @ u)) (1) dr = uy + B(u, u)(t).
0

We use the following classical variant of the Banach fixed point Theorem :

Lemma 5.3. Consider X a Banach space and B a bilinear operator such that
Vu, v e X, [|B(u,v)|x < 7llullx [lv]x,
then, for every uy € X, such that 4v||ui||x < 1, the sequence defined by
Upt1 = U + B(up,u,), ug =0
converges to the unique solution of
u=u; + B(u,u)
such that 27||ul|x < 1.

We notice that this is the Kato’s scheme, which consist in finding a family of spaces
(X7)r=0 such that the bilinear operator B maps X x Xp into X7 continuously. This
will produce automatically local or global well-posedeness result. Then to prove the
continuity of B(u,u) on X7, we use this Lemma with

X = {u € L0, T), LAT(T M) ea(t)™ e fut)| 1o € L7(0,T) }

loc

for some n < ¢ < +o00 and [ adapted to the large time decay rate of our dispersive
%
estimates. We recall that ¢,(t) = C, max( ! 1). We notice that the A + r has the

t_%’
property of commuting with the projection P as long as M has no boundary. Using this
fact, we write thanks to the LP boundedness of the Riesz transform (see [41]) and our

smoothing estimates (24)

! 101 oy
1B, ) (0)]]10 < C / ealt — 7B u @ u(r) | ds
0

¢ 2
<C / ealt =) e (e, ()3 78) drlfull,
0
Consequently, we obtain for any ¢ > n
1B(u, w) ]| xy < Cllullk, -

By using the Lemma 5.3, we get a solution in Xp if 4C||uy||x, < 1. If ug is small
in L™(I'(T'M), this is true with T" = +oo. If ug is not small, we use as usual that
limy o ||u1||x, = 0 to get the local (in time) well-posedness result in Xr. By classical
argument we finally get u € C([0,T1], L™).

In dimension n = 2, we can prove that the above solutions are global (in time) with
any initial data ug € L?. Though the energy estimate gives an unconditional control of
the L? norm, this is not sufficient to obtain global existence since in the above fixed point
argument the existence time 7' does not depend only on the L? norm of ug. This is due
to the fact that L? is the critical space in dimension two. Nevertheless, we can overcome
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this problem with the following classical argument. We first note that at time T the
above solution is such that u(T) € H' due to the smoothing effect. By an easy fixed
point Theorem, we can then continue this solution in H' on [T, T;] with an existence
time that only depends on the norm of the initial data in H'. Consequently, we can
obtain global existence if we derive an a priori bound on the H' norm of u. Thanks to
the boundedness of the Riesz transform that gives the estimate

IVullze < lldw’l|ze + [lul 2

it actually suffices to get an estimate on the L? norm of du’. To get this a priori
estimate, we can observe that in terms of differential forms, the Navier-Stokes equation
can be written as

o’ + Ly’ + %d|v|2 +dp = gu’ + 21’
where L, is the Lie derivative. This yields for n = du’ the equation
o+ Lyn = Agn+ 2ry
and hence by identifying 1 with a scalar function w, we obtain
Ow + dw(v) = Ayw + 2rw.
Since v is divergence free, we deduce from this equation that
lo®llez < lw()llz ¢ s

and the result follows.
O

5.2. Strong solutions for Navier-Stokes on more general non-compact man-
ifolds. In this section, we shall study the well-posedness on suitable Banach spaces
of the following non-linear Cauchy problem on more general non-compact Riemannian
manifolds M satisfying our assumptions (H1-4) :

Opu — Ku — r(u) — Bu=—-P[V,u], Pv=uv+grad(—A,) *divo,
(58) div Uy = 0,
U‘t:() = Up, UgE F(TM),

where Bu = —2grad(—A,) ' div(ru) and as remarked before B and P are bounded as
linear operators LP — LP for every p, 1 < p < 400 (see again [41]). We notice that the

%
(A +r — B) has not the property of commuting with the operator P on M, we thus have
to modify the functional space where we use the fixed point argument.

Theorem 5.4. ( Well-posedness on M) For every ug € L"(T(TM)) N L*(T(TM)),
with divug = 0, there exists T' > 0 and a unique solution u of the incompressible Navier-
Stokes equations (58) such that u € C([0,T], L"(T(TM)) N L*(T(TM)) N Xr.

Moreover, there exists § > 0 such that if [|uol| Lo erary) + || wol| L2(0raryy < 0 then the above
solutions are global in time.

In dimension 2, the solutions are global for large data.
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Proof. We have to solve the fixed point problem
R+r—B ' R+r—B
u(t) = A =By, —/ U AT=BIP(T ) (1) dT = uy + B(u, u)(t).
0

We use again the previous Lemma 5.3 with the following functional space Xr:
Xr = {u € L, ([0,T], LYT(TM)), Vu € Li5,([0,T], LYT(TM)) N Liz, ([0, T], L*(T(TM))|
e ()0 Jut)l| o + e ()T [ Vut) s + ()G V()| 1 € L0, T) }

for some suitable n < ¢,¢,s < 400 and ( adapted to the large time decay rate of
our dispersive estimates. We recall that ¢,(t) = C, max (ti%, 1). Thanks to the LP

boundedness of the Riesz transform (see [41]) and our dispersive estimates (49), we have

(59) | Blu,w)(t)|| < C / enlt = 7)7 5P (| V()| + ([ Vars(7)|2) dr

for ¢ > r > 2 and by using the Holder inequality and the definition of our X7 norm, we
obtain

t
< C/ ca(t = 7) " 0e P (||u(7)| o] Vu(r)
0

re + ()| Ll [VulT)l 12) dr

Shv

IA

t
C [ enlt =R I, (1) ()i e drfu(o)
0
with
1
(60) _:_+_, - = + =.
Consequently, this yields

sup [ e (6) DM Blu, ) (0)]1] < Clul,

>0
since
t
sup [ (1) o) / ealt = 7)7 1 ey (7)1 (en(r) R a(r) R ) df] < t+oo
t>0 0
if
n 1 1 1
(61> qznu QZ'fU 2§T<n7 5>, _S__'__-
2 T s n

In similar way by using the smoothing estimates (54), we get

t
(62) [VB(u,u)@)]|zs < C/ ca(t =) 5P ne P ([ Vu(m)l|er + [ Vau(r)ll2) dr
0
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for s > r > 2 and again by using the Holder inequality and the definition of our Xp
norm, we obtain

t
<C / Cat = 7)7 5 me ) (u(r) || || Vul(7)]
0

Lo+ Ju(m)| Ll [VulT) | £7) dr

t
<C [ aft =) eI, (1) (e () drulr)
0
Then
sup [e (8)~ G0 [V B, w)(t) 1] < Cllull,
£>0
since
t
sup [ ()~ s)/ Cn<t—7')%7§+%€757—0n<7')%7% (Cn<7')%7% +Cn<7->% %) dT:| < 400
£>0 0
if
1 1 1
(63) s>n, s>r, 2<r<n, —-<-—4-—
r—s o n

Finally, in the same way by using again the smoothing estimates (54), we have

IV B, ) (t)]| 5 < C / Wt =)

for ¢ > r > 2 and again by using the Holder inequality and the definition of our X
norm, we obtain

t
SC/ n(t = 1) "8 e ([fu(7) | o[ Vu(7)|
0

3 |,_.
»Q}I»—A

e BT (W u() | o + | Vau(r)|2) dr

Lo+ [u(m)| Ll [VelT) | £2) dr

1
s

t
<C [l =R 1) (e(n)i ) 4 e drfulr)
0

Thus
sup [en(t) A DM T B0, (0] < Cul,
>
since
t
sup { (1) (%_%)/ cn(t—T)%_%“Jr%e*BTcn(T)%_% (cn(T)%*% +Cn<7->% %) dT:| < 400
>0 0
if
~ ~ 1 1 1
(64> q2n7 qZT7 2§T<n7 _S__'__-
r—q n
Consequently, by choosing ¢, ¢, s such that the conditions (60), (61), (63), (64) are veri-

fied, we obtain
1B, w)[|xp < Cllull,-

By using the Lemma 5.3, we get a solution in Xp if 4C||uy||x, < 1. If up is small
in L(T(TM)) N L*(T(T'M)), this is true with T = +o00. If ug is not small, we use as
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usual that limy_,g ||u1||x, = 0 to get the local (in time) well-posedness result in Xp. By
classical arguments, we finally get u € C([0,T], L™ N L?).

To handle the two-dimensional case, we can proceed in the same way with X defined
as

Xr = {u € L0, T), LUT(TM)), Vu € L5 ([0, T], LI(T(TM)) 0 LS,([0, T), L (D(T M)
Bt () |ult)|| e + ePlen(t)” GV || Vu(t)|| s € L°°(0,T)}

with ¢ > 2 and s > 2. To estimate B(u,u) in X7 the only differences with the previous
computations is that when using the dispersive and smoothing estimates to get (59) and
(62), we take r < 2 and thus we apply (50), (55) in place of (49), (54).
To get the global well-posedness, we use the same argument as in the end of the proof
of Theorem 5.2.
O

6. REMARKS ON THE UNIQUENESS OF WEAK SOLUTIONS

As shown in [13], [32], for two-dimensional manifolds, one has to be careful with the
definition of Leray type solutions in order to get uniqueness. Indeed, it was proven that
for the hyperbolic space H?, due to the presence of non-trivial bounded harmonic forms
there exists infinitely many weak solutions v € L¥L? N L2H! that satisfy the energy
inequality:

(65) ()] +/0 IVu(s)lIz2 ds < [lu(0)]I7:

for almost every ¢t > 0. A way to recover the uniqueness, by carefully selecting the weak
solution was recently proposed in [14]. We shall propose another way to recover the
uniqueness in terms of the regularity of the pressure for two-dimensional manifolds that
satisfy (H1-4). Let us recall that the pressure is the solution of the elliptic equation

(66) Ayp = —div(div(u ® u) — 2ru).

If v has the regularity of a Leray solution, v € L L* N LA H?, then div(ru) € L3L? and
u®u € L2L2. Indeed, we have that

lu® ullre < [[Julllze < C(IIVullrellull 2 + [lull72)
thanks to the Gagliardo-Nirenberg inequality in Remark 2.3 (3). This yields
lu @ ullpzr2 < C(llullpgerzlIVullz 2 + T |lull7ser2).

Consequently div(div(u ® u)) € L3.H 2. Since A, : L?* — H~? is an isomorphism by
using [41], there exists a unique solution p of (66) such that p € L2 L?. This motivates
the following definition of Leray weak solutions:

Definition 6.1. For every divergence free ug € L*T(T' M), we shall say that u € L5 L?N
L2H" is a Leray weak solution of the Navier-Stokes equation with initial data ug if for
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every ¢ € CL(R, x M, TM), we have
(67) / (90w, 00) + g(u @ u, Vo) + pdiv 6 — 9(Vu, Vo) + glru,u) )Vt
R+ XM

+ [ gl 00,9, = 0
M
with p € LAL? the unique solution of the elliptic equation (66).
We claim that

Theorem 6.2. Assume that M is a two-dimensional complete simply connected non-
compact manifold that satisfy (H1-4). Then, for every divergence free ug € L*T'(TM),
there exists a unique weak Leray solution.

Proof. There are many classical ways to prove the existence. Note that the strong solu-
tions that we have constructed in section 5.1 are actually weak solutions, therefore, we
shall focus on the uniqueness.

To prove the uniqueness, we shall first prove that our definition of weak solution
contains that they satisfy the energy inequality (and even the energy equality). We first
notice that if u is a weak Leray solution, then w is a solution of

(68) Ou=Au+ru—divu®@u— Vp

in the distribution sense and that u;;—g = ug in the weak sense. Note that the right hand
side belongs to L3.H ! and therefore 9,u € L% H . We thus obtain that

(69) lu@)lZ2 — lu(s)llz2 = 2/ (Oru, ) dr

where (-, -) is the duality bracket H' — H~!. In particular, we obtain that u € CL.

Next, thanks to our assumptions (H1-4), we have that C} (R, x M) is dense in X =
Croc([0, +oc[, L*) N L} (Ry, H') N H. (R., L?). Moreover, all the bilinear terms that
appear in the definition (67) are continuous on X x X, and the trilinear term

Blu,v,¢) = /RXM (g(u ©v, Vo) — A (div div(u @ v)) div ¢)

is continuous on X x X x X as a consequence of the Gagliardo-Nirenberg inequality
since

1 1
lu®vllpz2 < CT) (lullegrellullizm)* (1ollzg cellvll g ) *-
This yields that in our definition of weak solution we can take ¢ € X. In addition, since

u € X, we can use the definition for ¢ = (p. * 1 77)u, for every T" > 0 fixed. By using
(69), we obtain by taking € to zero that

1
—Hu )2 +/ / |Vu\2 — g(ru,u) — g(u @ u, Vu) — p divu) dV, dt = —Hu(O)H%z

Since u solves (68) in the distribution sense, we obtain by taking the divergence that
Oydivu — Adivu = 0.
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This proves that divu € L3L? is a solution of the heat equation with zero initial data.
Consequently, u stays divergence free for all times. Thus, we obtain

/g(u@u,Vu):—/ g(Vyu,u) = /|u|2dlvudV—O
M M

Consequently, we have proven that

1 T 1
§Hu<T>H%2+/ / (IVul®* = g(ru,u)) dVy, dt = §Hu<0>H%2
0 M

which is the energy equality.
Now, consider u, v two Leray weak solutions. We can take ¢ = (p. * 1o7)(u —v) and
let £ to zero to get that

() u(r) = o)z = [ o=
+ /OT /M (g(Vu, V(u—v)) —glru,u—v)) — glu®u, V(u— v)))dvg,dt _0

and that
(v(T),u(T) —v(T)) 2 —/ (v, Oy(u — v))dt
/ / (Vu,V(u—wv))—g(rv,u—v)) —g(v@v,V(u—v)))dngtzo

since as already observed u and v are divergence free. Next, we can subtract the two
identities to obtain

1 T 1
(70) §Hu<T>—v<T)H%2+/O (HWu—v)Hiz+60Hu—vlli2)dtS§HuO—voH%2

T
+ / / lg(Vyu, u —v) — g(Vyv,u —v)| dV,dt.
0o Jm

g(Vou, (u—v) = g(Vyo,u—v) = g(Vy(u—v), (u—2v))+ g(Vyo — Vyv,u—0),

By using that

we obtain

1 T 1
(71) §Ilu(T) — (T3> +/ (IV(u— )72 + collu — v]|72) dt < §Iluo — w172
0

T
+ / / lg(Vyv — Vv, (u—v))| dVydt.
o Jum
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To conclude, we can use again the Gagliardo-Nirenberg inequality which yields

T T
/ / |g(Vuv—VUv,(u—v))|dV9dt§/ / Vol lu — v|* dV,dt
o Jum 0o Jm
T
< /O Vol 2 (IIV (w = 0) |2 + [l = vllz2) [lu = vl z2dt.

By using the Young inequality, we obtain from (70)

1 1 4
D) = oD < Gl = volfte + € [ Vel = vlfadt, VT 20
0
and hence from the Gronwall inequality, we have
[u(T) = o(T) |22 < [lug — vo|2eelo A1V wT > 0.

In particular, if ug = vy, we obtain that w(7") = v(T') for all positive times.

O

As a final remark, we can analyze how the counterexample given in [32] in the case of
H? is excluded by our definition of Leray weak solution. The velocity field v was chosen
under the form

u= f(t)(dP)*
where ® is an harmonic function such that d® € L? and f is an arbitrary function of
time. In order, to ensure that v is a solution, the pressure p is chosen as

p= (1)~ (1)@~ 3 (1]l

The restriction given by the energy inequality is not sufficient to ensure that the time
profile f is completely determined. In this construction d® € L? but ® itself does not
belong to L?, consequently, if we require that p € L2.L?, then we necessarily have f’ = 2f
and thus f(t) = f(0)e*. This determines completely u from its initial value.

Let us finally note that the definition of weak solutions in [14] leads to the same
selection of the velocity in the analysis of this counterexample.
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