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CONCENTRATION LIMIT FOR NON-LOCAL DISSIPATIVE
CONVECTION-DIFFUSION KERNELS ON THE HYPERBOLIC SPACE

MARIA DEL MAR GONZALEZ, LIVIU L. IGNAT, DRAGOS MANEA, AND SERGIU MOROIANU

ABSTRACT. We study a non-local evolution equation on the hyperbolic space HY . We first consider
a model for particle transport governed by a non-local interaction kernel defined on the tangent
bundle and invariant under the geodesic flow. We study the relaxation limit of this model to a local
transport problem, as the kernel gets concentrated near the origin of each tangent space. Under
some regularity and integrability conditions of the kernel, we prove that the solution of the rescaled
non-local problem converges to that of the local transport equation. Then, we construct a large
class of interaction kernels that satisfy those conditions.

We also consider a non-local, non-linear convection-diffusion equation on HY governed by two
kernels, one for each of the diffusion and convection parts, and we prove that the solutions converge
to the solution of a local problem as the kernels get concentrated. We prove and then use in this
sense a compactness tool on manifolds inspired by the work of Bourgain-Brezis-Mironescu.

1. INTRODUCTION

This paper is concerned with non-local time-dependent interaction models for particles in the
hyperbolic space HY, expressing a mixed non-local diffusion-convection behaviour:

duatt.) = [ Il p)ut.y) = ult,2)duty)

(1.1) n /H Glay)(f(ulty)) = flut,2))da(y)

u(0,z) = ug(x), r e HY.

x € HV,t > 0;

The kernels J : [0,00) — [0,00) and G : HY x HY — [0, 00) encode the strength of the interaction
(non-local diffusion and convection, respectively) between particles at positions z and y. The
non-linearity f is a locally Lipschitz function, which will eventually be assumed to be of the form
flr) = r[*="r.

We aim to analyze the behavior of the solutions of (1)) for a family of inhomogeneously rescaled
kernels (J:).~o and (G.)c>0, describing, in the limit ¢ — 0, a concentration of the interactions
to small distances between particles. The diffusion kernel .J, which depends only on the distance
between pairs of points, can be easily defined and rescaled on every complete Riemannian manifold.
One of the challenges we faced was to properly define on H"Y a non-local convection kernel admitting
a meaningful rescaling and dissipating the L? energy uniformly.

There exists a vast literature regarding evolution equations on manifolds and, in particular, on
the hyperbolic space. For instance, the heat kernel on H" was computed explicitly and estimated
uniformly in space and time by Davies and Mandouvalos [17] (see also [23]). The existence of
asymptotic profiles for the heat equation was studied by Vazquez [34], in the case of the hyperbolic
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space and by Anker, Papageorgiou and Zhang [2], in the more general case of a symmetric spaces
of noncompact type.

The existence of solutions for a non-linear heat equation on HY was discussed by Bandle, Pozio
and Tesei [7], whereas Banica, Gonzalez and Séez [9] studied an extension problem for the fractional
Laplacian on non-compact manifolds. The wave equation and corresponding Strichartz estimates
on HY were analysed in [31] and [4]. The linear and non-linear Schrédinger equations on the hy-
perbolic space were studied by Banica [§] and Anker and Pierfelice [3], whereas the incompressible
Navier—Stokes system was considered by Pierfelice in [30]. Many of the results above relay on the
so-called Fourier-Helgason transform (see [24] and [12]), which can be used to simplify equations
involving the Laplace-Beltrami operator on HY. However, this transform does not behave well
with respect to first-order differential operators such as the Riemannian gradient, hence, in the
present paper, we preferred to use a different approach to non-local and local convection-diffusion
problems.

There exists also an extensive literature on non-local diffusion-convection phenomena in Eu-
clidean space, arising for instance from the peridynamic theory of continuous mechanics [10] or
from model processes, for example, in biology, dislocations dynamics etc. [18]. From a mathemat-
ical point of view, there exist two types of non-local interaction operators that may be considered,
depending on the properties of their kernels. The first one consists of integrable (or even smooth,
compactly supported) kernels [I], whereas the second type is represented by singular kernels similar
to the fractional Laplacian [14] 29].

Our paper deals with the first type of kernels [1] for which the well-posedness and convergence of
solution to local problems have been previously studied in the Euclidean setting [27, [26], but also
in the case of non-local diffusion on quantum graphs [25]. In the Euclidean case there are various
ways to model the convection by non-local operators [27, 20] and their numerical approximations
[19, 33]. In [27, 26] the family of rescaled equations has the following form:

Buu(t, ) = e N2 / J ('y - x') (ult,y) — u(t, z))dy
(1.2) = ~ 5_$ r e RN t>0;
' re [ G (120 (tult ) - Fute, o)y
| u(0,2) = uo(z), r € RV,

for the point-pair invariant kernel J : [0, 00) — [0, 00) and the convolution kernel G : RN — [0, 00).

As g — 0, the solutions of (L2)) converge strongly in L*((0,T) x RY) (see [27, Th. 1.2] for kernels
J and G in S(RY) and [26] for more general kernels) to the solution of the local convection-diffusion
problem:

(1.3) Owu(t, ) = AjAu(t, z) — div(f(u(t) Xe)(z), =€ RN t>0;
' u(0,z) = uo(x), r eRY,
where
1
1.4 Aj=— ;
(1.4 1= g [ elolefde > 0
and Xg = — [on G(z)z dz € RY. Throughout the paper, |z|. stands for the Euclidean norm of

the vector z € RV,

Convergence results in non-zero curvature. Our goal is to study this concentration phe-
nomenon outside the flat Euclidean setting, and to check whether the negative curvature has a
qualitative effect on the convergence results stated above. We focus on the hyperbolic space HY,
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arguably the simplest non-flat, complete non-compact Riemannian manifold. As a manifold, HY
is diffeomorphic to RY, and it has constant sectional curvature —1.

A non-local diffusion model on HY has been already studied in a recent paper [6]. The authors
proved that the solutions of the evolution equation

Opu(t, ) = fun J(d(z,y))(u(t,y) — u(t, 2))dp(y), =€ HY,t>0;

(1.5)

u(0, ) = up(x), r € HY,
corresponding to the rescaled kernels
(1.6) J(r) = e N2 <£)

converge uniformly to the solutions of a local heat-Beltrami equation.

Our purpose is to include another term in (LH]), corresponding to a non-local convection effect.
In this sense, we notice that, both in the Euclidean and the hyperbolic cases, the diffusion kernel
J(d(z,y)) is symmetric in  and y. On the other hand, the Euclidean non-local convection kernel

in (L2), namely G(z,y) = G(y — z), is not symmetric with respect to x and y. In this way, it is
possible to get a non-zero first moment vector X¢ = — [on é(m)x dz. In the Euclidean setting,
the fact that the kernel G only depends on the difference vector y — x is essential in proving that
the sequence (u.).>o remains uniformly bounded in the L? norm as ¢ — 0. In fact, the following
weaker symmetry property for G is the one that plays this crucial role:

(1.7) /RN [G(x,y) — G(y,x)]dz = 0, Vy € RY.

Definition 1.1. We call G a dissipative kernel if the integral in (7)) is well defined and is null.

See Theorem [4.1] and Remark for the explanation of this terminology.

The main difficulty in adapting the model (L2)) to the hyperbolic space, by adding a convection
term to ((LH]) while keeping (L) valid, arises from the lack of an obvious analogue for the vector
y — x connecting the points x and y. To overcome this issue, we came up with a construction via
the geodesic flow on the hyperbolic space, taking into account that the injectivity radius of this
space is infinite. More precisely, we make the following assumption on the kernel G:

Hypothesis 1.2. There ezists a function G : THY — [0,00) which is of class C* outside the zero
section (i.e., on THN \ {(x,0) : x € HV}), invariant under the Riemannian geodesic flow (®;)er
on HY, such that, for every two distinct points x,y € HY,

(1.8) G(z,y) = G(x, Vay),
where V., € T,HY is the unique vector transporting x to y through the Riemannian exponential
mapping (i.e., exp,(Voy) = y).

Throughout the paper, we will assume (if not stated otherwise) that the function G : THY —
[0, 00) has the kind of C' regularity specified above.

Detailed definitions and related results are given in Section 2.3l The hyperbolic analogue of
dissipativity condition (L) is satisfied in this setting, as proven in Proposition .3

Linear transport on HY. In the first part of the paper, we consider the linear transport problem
(i.e., we fix J = 0 and f(r) = r in (L)), which is the archetype for a convective non-local problem
containing the essential difficulties we will face in the general case. It takes the following form:

(1.9) Ou(t,x) = - G(x,y)(ult,y) — u(t,x))du(y), = eHN t>0;
u(0,x) = up(x), r e HN.
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The well-possedness in L?(HY) of this non-local transport problem follows immediately if the
right hand side of equation (LJ) defines a bounded operator on L?*(HY). This holds under very
weak integrability conditions on GG. Moreover, Hypothesis guarantees the crucial dissipativity
property, i.e., that the L?(H") norm of the solution does not increase (see Theorem E.1] for details).

Rescaling the kernel. In order to rescale the problem (L)), we introduce the following kernel,
which gives, as € tends to 0, more weight to the movement of particles which are close to each
other (and hence having the distance d(z,y) = |V, ,| smaller):

~ 1
(1.10) G.(x,y) = V'@ <:)3, ng,y)
With this notation, the rescaled problem takes the form:

(1'11> 8tu5(t, x) = v Gg(x,y)(uf(t,y) — Us(t,x))d,u(y), o= HN,t > 0;

us(0,x) = ug(x), r € HY.

In order to obtain the convergence of the sequence of non-local solutions (u.).~o towards the local
one, we further make some integrability and regularity assumptions concerning G"

Hypothesis 1.3. Let us denote kg : [0,00) — [0, 00],

kg(r) == sup G(z, W)

x€HN |W|=r

where |W| stands for the hyperbolic norm of the tangent vector W € T,HY. We assume that:
(1.12) M(G) := Vol(SM1) / ka(r)(1+7) (¢ sinh(r))V ! dr < oo,
0

where SN=1 stands for the unit sphere in RY.

Hypothesis 1.4. The function G is such that the first moment vector field X¢ on HY defined
below is of class C*:

(1.13) Xg(z) = —/ Gz, W)W dW, Vo € HY.
T,HN

In this setting, we can formulate the first main result of this paper:

Theorem 1.5. Let G satisfy Hypotheses[1.3, and[T3 For any ug € L*(HY) and every T > 0,
the family of solutions (uf)e.so of the problem (LII) converges weakly in L*([0,T], L*(HY)), as
e — 0, to the unique weak solution (in the sense of Definition[3.2) of the local transport problem:
Ou(t,z) = —div(u(t) Xeg)(x), ze€HN,t>0;
(1.14)
w(0, z) = up(x), r e HY.

Remark 1.6. Hypothesis can be relaxed as follows:
1 e’}
/ ka(r)rldr < oo and / kg(r)e dr < oo,
0 1

for a constant g5 > 0.
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Convection-diffusion processes on H". In the second part of the paper, we investigate the

same concentration phenomenon for the more general family of non-local, non-linear convection-
diffusion problems (i.e., J # 0, f(r) = |r|?"!r), where € > 0:

ou(ta) = [ (FE0) () - e )ty

£

x € HV,t > 0;
(1.15) +/HN Gz, ) (fuE(t,y) — FOul(t, 2)))duly),

u(0, ) = up(x), r e HY.

Our second main result is the convergence of the solutions (u. ).~ of the non-local problem (LTH])
to the ones of a local convection-diffusion problem, under the following hypothesis on J:

Hypothesis 1.7. The function J : [0,00) — [0, 00) is continuous, J(0) > 0, and
(1.16) M(J) := Vol(SN 1) / J(r) (14 r2) (¢" sinh(r))N " dr < oco.
0

Theorem 1.8. Let J satisfy Hypothesis [1.7 and G satisfy Hypotheses [1.2, and [1.4  Let
firy=|rl*t-r, ¢ >1 and ug € L*(HN) N Lo (HY).

For every T > 0, the family (u®).~o of C*([0,00), L*(HY)) solutions of (L15) converges weakly
in L2([0,T], L*(HY)) to the unique weak solution (in the sense of Definition[8.1) of the following
local convection-diffusion problem:

{ut(t, r) = A;Au(t, x) — div(f(u(t)) - X¢)(z), =€ HY,t>0;

(117) u(0, ) = up(x), r € HY,

where A stands for the Laplace-Beltrami operator on HY , the diffusivity constant A is:

1
Ay =— J(|[V])|VI?aV,
1= gy [ IVIIVE
and the vector field X¢ is given in (LI3).

Remark 1.9. Hypothesis [[L7] can be relaxed by requiring J to be bounded from below by a positive
constant in a neighbourhood of 0 and to satisfy:

1 00
/ J(r)yrVtdr < oo and / J(r)e®"dr < oo,
0 1

for a constant g5 > 0.

We emphasize that the presence of the non-local diffusion term leads to the strong convergence
on compact sets for the sequence (u.).~¢ and also provides more regularity to the limit function.
This better behaviour follows from a compactness result (Theorem [I]) inspired from [26] and
[1], where the authors deal with the Euclidean setting. We have adapted those results to the
general case of complete Riemannian manifolds, using chart manipulation techniques as in [28§].
The condition imposed on the sequence of functions in order to obtain compactness resembles
those considered by the authors of [I1] and [I].

Structure of the paper. Section 2] is a brief introduction to the Riemannian geometry of the
hyperbolic space, describing two models for it: the Poincaré ball and the upper half-space. We
also recall the properties of the geodesic flow on THY, and describe the invariant functions.

In Sections B @ and [ we study the local and the non-local transport problems, proving the
convergence of the latter to the former. Section [0l is dedicated to the construction of a rich class
of interaction kernels G which satisfy all the hypotheses [.2] and [L4]
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Section [7 contains the compactness result. Sections [, @ and [0 contain the analysis of the local
and non-local convection-diffusion problems and the second convergence result.

2. THE HYPERBOLIC SPACE HY

2.1. Function spaces on Riemannian manifolds. A Riemannian metric g on a smooth N-
dimensional manifold M is a family of scalar products in each tangent space T, M, varying smoothly

with the base point z. In local coordinates z1,...,xy, this means that for every 1 < ¢,7 < N,
the scalar products of the coordinate vector fields, g;;(z) = g ( 5 8?: ), are smooth functions of

x such that g;; = g;; and the matrix (g;;(x));; is positive definite.

The Riemannian density on M is defined as follows: dpuy(z)(Xy,..., Xy) is the volume with
respect to the g of the parallelepiped spanned by the vectors Xy, ..., Xy in the vector space T, M.
In local coordinates,

dpg(z) = y/det g;j(x) dzy ... day.

The function spaces LP(M) for p € [0, oo] are defined in an obvious way.
To simplify the notation, we denote X - Y := ¢g(X,Y’) the metric product of the vectors X and
Y. Next, using the metric tensor g, we can define the Riemannian norm of a vector X as:

X], = VX - X.
This leads to the definition of the spaces LP(M,TM) of vector fields on M. In particular, for
p=2, L*(M) and L*(M,TM) are Hilbert spaces, with the following scalar products:

(w1, u2) L2(ar) :/Mul(x)uQ(:z)dug(a:), (Xl,Xg)Lz(M,TM):/MXl(x)-Xg(x)d,ug(x).

By abuse of notation, we will also denote by || - [[L»(ary the norm of a vector field in LP(M,TM).
The differential of a smooth function v does not depend on the metric, and is given locally by
du = ZN 9u qx;. The Riemannian gradient of u, denoted by Vu, is the vector field dual to du

=1 8
with respect to g. More precisely, for every tangent vector X,
Vu-X = X(u).
The expression in local coordinates is the following;:
N
ou . 0
Vu(x) = K
0= 3 5t

where g% are the coefficients of the inverse matrix of (g;;(x)); ;.
The Riemannian divergence operator is a first-order differential operator on vector fields defined
as the negative of the dual of the gradient operator with respect to the L? products. In coordinates,

for a C'! vector field X = Zl Xz )aml

(2.1) divy(X) = \/det g;;)

\ /det Gij 4 Z 81’1

Finally, the Laplacian of a function is defined as Agu = div,V, u. Note that the sign of div, and
A, used here adopts the so-called analyst’s convention, making A, into a non-positive operator in
L2

The weak gradient of a Li (M) function u (if exists) is defined to be a vector field satisfying:

loc

/ Vou - Xdp,(V) = —/ wdiv, Xdpu,(V),
M M
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for every compactly supported smooth vector field X € C°(M,TM).
Next, we give the definition of the Sobolev space:

WHP(M) = {u € LP(M) : |Vul, € L" (M)}, p € [1, 00,

where, here, by V, u we understand the weak Riemannian gradient of . The norm on this Sobolev
space is the usual one:

lullwrery = llullzean + [V gull o).

We note that, if the manifold M is complete, the C2°(M) functions are dense in WP(M), for
p € [1,00). See, for example, [21], Satz 2.3].

For p = 2, we have the following characterization, which follows by the Hahn-Banach extension
theorem:

(22) H'(M)={ue L*(M):3C, >0, (u,divyX)r2ar) < Cul| X || z2(a1), VX € C*(M, TM)} .

Moreover, the L?(M) norm of the weak gradient of « is the minimum of the admissible values for
C,, above.

2.2. The hyperbolic space. Two isometric models. We recall some classical aspects about
the hyperbolic space H" and its Riemannian geodesic flow. We begin with a brief presentation
of two models of H", each of them to be used when most convenient in specific computations.
Throughout the paper, if not stated otherwise, the operators V, div, A and the norm |- | correspond
to the hyperbolic metric, whereas V., div., A, and the norm | - |, are Euclidean. The symbol “.”
stands for the metric scalar product of vectors, either Riemannian or Euclidean, depending on the
context.

2.2.1. The Poincaré ball model. The supporting set for the Poincaré ball model for the hyperbolic
space HY is the open unit ball BY c RY. At every point x € HY, the tangent space T,HY
is canonically identified with RY, and the metric tensor is defined by the diagonal matrix g;; =
N(2)d;;, where X is the radial function defined by

2
Sl

M)
The expressions of the hyperbolic gradient, divergence and Laplacian in this model are as follows:

1 . 1 . 1 .. _
Vf= pvef, div(Y) = )\—Ndlve(ANY), Af = )\—Ndlv6 ()\N 2Vef) ,

Integration on HY and on its tangent space at a point  in this model are defined with respect to
the volume form du(x) = A (x)dz, respectively du(V) = AN (z)dV:

[ @) = [ faN@an [ a0 =3 [ e

The boundary at infinity of HY is the set of half-infinite geodesics modulo the equivalence relation
of being asymptotically close to each other. In the unit ball model, the boundary of infinity is the
unit sphere OHY ~ S¥~1. A nonconstant (unparametrised) geodesic in HY is uniquely determined
by its initial and final points o0~ # o € OH".
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2.2.2. The upper half-space model. The supporting set for this model is RY = {z = (2/,zy) €
RN~ x (0,00)}, with Riemannian metric defined by

1
gij(r) = g%*

In this setting, the expressions of the gradient, divergence and Laplacian are:
Vf=a%V.f, div(Y) = 2 div, (LNy) , Af = 2N div, (%ve f) .
N TN

The volume form on H”Y and on its tangent space at a point x become du(x) = xJ_VN dx, respectively
du(V) = x]_\,N dV. In this model, the boundary at infinity is the one-point compactification of the
hyperplane {zy = 0}, that is OH ~ RN-L,

These two models of HY are isometric; an example of isometry between them is the Cayley
transform C : RY — BY,

21 |z —1

L4 |22 4+ 2xn" 1+ |2|2 + 225

(2.3) C(a',on) = ( ) , forx=(2,2y) € RY.

The isometry extends to a diffeomorphism between the boundaries at infinity by setting yy =
0, amounting to the inverse of the stereographic projection. It is a conformal diffeomorphism,
reflecting the fact that OH" has a well-defined conformal class, but not a preferred metric.

2.3. The geodesic flow on HY. We recall some facts about the Riemannian geodesic flow on
HY and we give a characterization of the functions which are invariant under the flow.

Definition 2.1. For every (z,V) € THY, let 7, be the unique geodesic such that v(0) = x and
7'(0) = V. Moreover, for V # 0 let o~ (z,V), 0% (x,V) € OHY be the initial and final points at
infinity of the geodesic 7,y (refer to Figure [[). The geodesic flow ®;(z,V) emerging from the
point (x, V) in the tangent bundle, at time ¢t € R, has the following form:

(2, V) = (Yav (1), Yoy (1)
We note that v, v (t) = exp,(tV).

Definition 2.2. We call a function G : THY — R invariant with respect to the geodesic flow
(®;)¢er on HY if, for every t € R and (z,V) € THY,

Gz, V) = G(Py(x,V)).

For every 0 #£ V € T,HY, the curve (®;(x,V));cr describes a parametrised geodesic curve of
constant speed |V| which originates at the point at infinity o~ (x,V) € OHY, passes through x
at t = 0, and ends at o™ (z,V) € OHY (This actually defines a diffeomorphism ®,(-) = o™ (z, ")
from the unit sphere T)HY to dH". The composition ®,' o ®, turns out to be a conformal
diffeomorphism, thus defining a conformal structure on OH”Y). Therefore, we are able to fully
characterize the functions defined on THY which are invariant with respect to (®y)ier by the
following;:

Proposition 2.3. A function G : THY — R is invariant with respect to the geodesic flow (Py)ier
if and only if there exists a function g : OHYN x OHY x (0,00) — R such that for all V # 0 in
T,HY,

G(x,V)=g(o™ (2, V), 0" (2, V), |V]).
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o (z,V)

3 at(z,V)

FIGURE 1. A geodesic through z in the Poincaré ball model, tangent to V', together
with its initial and final points. The geodesic flow transports (x,V) € THY to
(y, W) € THY, i.e., ®4(z,V) = (y, W) for some t > 0.

Proof. Refer again to Figure[Il There is a one-to-one correspondence between the functions which
are invariant to the geodesic flow and those defined on the set of trajectories

{((I)t(xa V)ier : (x,V) € T]HIN} )

The projection of such a trajectory on the manifold is a geodesic and the flow preserves the
hyperbolic length of vectors. Every non-constant trajectory is uniquely characterised by a pair of
distinct points at in infinity 0=, 0", together with the energy level, i.e., the speed |V]. O

2.4. Properties of the exponential mapping. The aim of the following lemma is to compute
the differential of the exponential mapping in HY. Let P(z,y) denote the parallel transport in
THY along the unique geodesic between points x and y in HY.

Lemma 2.4. For every x € HY and 0 # W € T,H", the differential of exponential mapping acts
as follows:

P(z,exp,(W))(V), V =aW € span{W}
dw (exp, ) (V) = 751“%';'”) (P, exp, (W))(V), VLW

In particular, the determinant of the Jacobian matrix of exp, at W is:

oo, (W) = (%)N—l'

Proof. We work in the Poincaré ball model, and we first apply a hyperbolic isometry such that x
becomes the origin of the Poincaré ball. The rays originating in x = 0 are geodesics, so

_tanh (|W].)

eXpO(W) - ‘W‘ W
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We can now compute easily for V' L W:

1

PO,exp(W)V) = iV

The conclusion follows by direct computation. 0

Of course, this lemma is independent of the model we choose for the hyperbolic space.

The next lemma provides some bounds on the integrals which contain the exponential mapping
and will be used during the proofs of Theorems and [[.8

Lemma 2.5. Consider a fized vector V. € RN . Identifying the tangent space in each point of the
half-space model with RN, we can view V as a vector field on the hyperbolic space. Then, for every
non-negative measurable function ¥ : HY — [0, 00),

[ wlexp, oV )duty) < € [ wiapapta)

HN HN

Proof. At every point y = (y/,yn) € RY, the vector yyV € T,HY ~ R" has length |ynV| = |V]..
We denote by 7y : HY — HY the hyperbolic exponential of yxV:

Tv(y) = exp, (yn'V).
Writing V = (V', Vy) and y = (¢, yn), it is straightforward to compute

sinh |V |.Cy
YN— 7

|V| V,,CUNCV) )

Tv(y' yn) = (y’ +

where

cosh |V, +siné - sinh |V,
Cv = 2 )
cos? 6 - cosh” |V, 4 sin®(0)
Here, 6 stands for the angle between V' and the horizontal hyperplane. It follows that the determi-
nant of the Jacobian of 7y, at y equals Cy,, which, in particular, is independent of y. By the change

of variables z = Ty (y), we obtain that dz = Cydy and zy = Cyyy, hence du(z) = CF NVdu(y)
and the conclusion follows from the evident estimate:

e Vle < Cy < elVle. O

3. LOCAL LINEAR TRANSPORT ON THE HYPERBOLIC SPACE

Let X be a vector field on HY. We consider the following local transport Cauchy problem in
divergence form:

(3.1) {@u(tv@=—div<u<t>X><x>, e HY, 1 >0,

u(0,z) = up(z), r e HN.

For the Euclidean case we refer to [5, Ch. 3] where, besides the classical theory of Lipschitz vector
fields, the authors consider an extension to less regular vector field i.e. log-Lipschitz. For clarity
we consider here the case of C'-vector fields even though the results can be easily extended to the
Lipschitz case.
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3.1. Existence and uniqueness for the local problem. First, we recall a standard result that

guarantees the existence of classical solutions for the problem (B.]), in the more regular case of a
bounded C? the vector field X and for initial data uy € C*(HY).

Proposition 3.1. Let X be a bounded C? vector field on HY . For uy € C'(HY), the problem (B3.1))
admits a classical solution in C*(R x HY).

Proof. Since X is a bounded and locally Lipschitz on the complete manifold HY, its flow, denoted
by (®;¥)ier, is defined for all ¢ € R. If we denote a(z) := div(X)(z), the equation becomes:

Owu(t,z) = —a(z)u(t,z) — Vu(t, z) - X(x).
Hence in terms of the vector field Y := 9, + X on R x H¥, the equation can be written as:
Y(u)(t,z) = —a(x)u(t, z).

Now, Y is also bounded and C? on the complete Riemannian manifold R x HY, therefore the
above equation has a unique solution given in terms of the flow (®));cr, starting from the non-
characteristic hypersurface {0} x HY, by:

u (3Y(0,)) = exp (- /0 "0 (0 (0,2) dT) (0, 7).

Since @} (0,z) = (¢, @ (x)), it follows that:

t
(3.2) u(t, x) = exp (—/ a (X (z)) dT) up(®F,(2)),
0
which is indeed a C! solution of (3.1)). O

Next, we introduce the definition of weak solutions for the problem (BI) and we prove the

existence of such solutions for L2  initial data. The concept of weak solution for the transport

problem (B.]) will be useful for identifying the limit in the convergence result, i.e., in the proof of
Theorem [LLE

Definition 3.2. Let uy € L2 .(HY) and X a bounded C' vector field on HY. We call u €
LZ ([0,00) x HY) a weak solution of ([B.I)) if, for every ¢ € CL([0,00) x HY),

loc

(3.3) / / ult,2) el ) + X (p(0))(2)] dp(a)e = / g0, ) ).

Remark 3.3. An integration by parts argument implies that, if X € C?(HY, THY), then classical
solutions of (B]) are also weak solutions.

Proposition 3.4. Let X be a bounded C* vector field. If ug € L2 (HY), then the function u given
by B2) is in L ([0,00) x HY) and is a weak solution of (B.1)).

Proof. First, we prove that u € L% _([0,T) x HY). Let K be a compact set in HY and 7" > 0.
Taking the L2 norm in (B.2)), we obtain:

HU(t)Iliz(K):/K6_”0“(¢X*(x’>d7\uO(®§t(x))|2du(w)-

Changing variables x = ®X (y), we get that:

Ol = [ O o) P )ty
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Next, by Liouville’s formula ([16, Proposition 2.18, p. 152]),
d .
e (W) = div(X)(®7 () Jox (),

we obtain Jox (y) = eJo o(#F @) ar and, thus,

— [ta(dX T
o = [ e B gy Pduy),
o (K)

which is bounded for ¢ € [0, T, since the vector field X is C'!' and bounded. Finally, by the change
of variables z = ®;X(y) and using the above computation for its Jacobian, we obtain that u satisfies

@3). O

We now prove a uniqueness result concerning weak solutions, similar to [22, Section 2.1] for the
Euclidean case.

Theorem 3.5. Let X be a Ct vector field. For any ug in L2 (HY), there exists at most one weak
solution of (B.)),in the sense of Definition [3.2.

2
loc

Proof. Tt is enough to prove that, if u € L2 _([0,00) x HY) is such that for every T > 0 and every

o € CH(0T) x HY),
(3.4 | [ utt. o) Buett,a) + X(ote)(@) antarae .

then u = 0. We achieve this by considering an arbitrary 7' > 0 and f € C°((0,T) x H"), and
solving the following final value problem:

Dep(t, ) + X (p(t))(x) = f(t,x), = eHYte0,T];
@(713» =0, S HY.

The solution of ([B.3]) can be constructed explicitly by the method of characteristic curves:
T
olt.o) == [ f(r, 0¥ (o)
t

Since X is C' and bounded, it follows that ¢ € C1([0,T) x HY), so we can apply (3.4):
0= (u,dp + X(SO))LZ(HN) = (u, f)L2(HN)-

The conclusion follows since C°((0,00) x HY) is dense in L2((0,00) x HY). O

(3.5)

4. NON-LOCAL LINEAR TRANSPORT ON THE HYPERBOLIC SPACE

This section is dedicated to the study of the non-local transport problem (L.9). More exactly,
we prove that the problem is well-posed, for a more relaxed assumption on the kernel G and then
we return to the setting of Hypotheses - [L4 to obtain L2-norm decay for the solutions.

Theorem 4.1. Let G : HY x HY — [0, 00) be a positive measurable function satisfying
(4.1) sup { Gz, y)duly) + G(y,x)du(y)] < 00.
H

z€eHN
For every uy € L*(HY), there exists a unique solution u € C*([0,00), L*(HN)) of the non-local
transport problem (L9). Moreover, if we assume further that G is a dissipative kernel, namely:

(42) | [66.0) = Glyalldu() =0,

the norm ||u(t)|| L2~y does not increase in time.

HN
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Remark 4.2. The second statement of this theorem is the reason for which we called G a dissipative
kernel: the associated evolution problem (L.9) dissipates the L? energy.

Proof. By assumption (1), there exists some M > 0 such that, for every z € HY,

| Gwinw) <2 and [ Gya)dnty) <.
HN HN
It is enough to prove that the operator L defined by:

Lo()w) = [ Glo)(v(s) = o) du(y)

is a bounded operator on L?(H") and then the problem (L.9)) admits a unique solution u = e!£¢uq.
Indeed, for v € L2(HY), by Holder’s inequality, we obtain

e < [ ([ Gl = v@lautn) aute)
< [ ] et [ et - o 2ann| du

<v [ [ Gl - v dutdua).

Using the inequality [a—b|* < 2(a’+b?), we obtain that || L¢ (v) |75,
the operator L¢ is well-defined and bounded.
For the second statement, we multiply the equation (L9) by u and integrate:

d (1
5 (5 [ mearaw) = [ Gt - o)t oiu)ie)
HN HN xHN
We claim that the integral in the right-hand side above equals:
[, Glewuttn) - ult.)u(t.p)dn()du(z).
HN xHN

Indeed, it is enough to notice that

L. Glputtofauman = [ Gyl pian)ant),

HN xHN

mvy < 2M?||v|| 2y Therefore,

which is a consequence of (4.2). As a result,

GO == [ Gleptalt.a) = ult, ) Pdu)duta) <. 0

Now we prove that that the conditions we imposed for G in the Introduction are sufficient for
(42) to hold. More precisely, we have the following:

Proposition 4.3. If G satisfies Hypotheses [[.2 and [I.3, then, for almost every y € HY, ([&2) is
satisfied.

Proof. First, we write the integral above in terms of G:

1= [ [Gla) = Glralduta) = [ [GlaViy) = Gl duta).

Next, the invariance of G with respect to the geodesic flow (see Definitions 2.1] and 2.2]) implies
that:

G(z,Vay) = Glexp,(Vay), Ve v, (1))



14 MARIA DEL MAR GONZALEZ, L. I. IGNAT, D. MANEA, AND S. MOROIANU

The definition of v,,y, , and the uniqueness of geodesics implies that v, 1, (1) = =V, 4, so:

1) = [ |60 ~V0) = Gl V)] duto)

Using that the Jacobian determinant of the exponential mapping is symmetric (for its exact form,
see Lemma [2.4]), we obtain:

)= [ [6-v)-G.v)

which vanishes using the change of variables V" — —V. 0J

Josp, (V) ‘ dv,

Remark 4.4. A simple calculation implies that, if G satisfies Hypotheses and [[.3], then:

sup [ G(z,y)du(y) < M(G) and sup [ Gy, z)du(y) < M(G).

zeHN JHN zelN JHN
Therefore, the kernel G also satisfies (d.1]), so Theorem [l is true in the particular setting of G
satisfying all the hypotheses [[.2] and [[.4 in the Introduction.

5. RELAXATION LIMIT FOR THE TRANSPORT PROBLEM

In this section we focus on the family of rescaled problems (ILTI]). These rescaled problems are
all instances of (I9), where the kernel G is replaced by Ge(z,y) = eV 1G(x, 1V, ). If we define
the rescaled operator Lg, on L*(HY) by

Law)o) == [ G (20, ) (600) — vl
then (LIT]) can be written as:
{&ua(t, 1) = Lg. (u:(t))(x), z€HN t>0

5.1
51) us(0,x) = ug(x), r € HV.

Notice that, if G is invariant with respect to the geodesic flow (®,);cr, then so is the rescaled
function:

G.:THY - R, G.(z,V)=eN"'G (m %v) ,

since 7,,v(t) = €7, 1 (te). Therefore, we can apply Theorem 1] to obtain existence, uniqueness

and L? norm decay of solutions of (5.I)). We are interested in the behavior of these solutions as
e — 0.
Before proving Theorem [L.3] we make the following remark concerning the limit local problem:

Remark 5.1. Using Lemma 2.4] we get that Hypothesis guarantees the integrability of the
mapping W — é(m, W)W, for every z € HY. Therefore, the vector field X defined in (LI3)
satisfies B

[ Xl pooyy < M(G).
This, together with the regularity Hypothesis [[.4] implies that the existence and uniqueness results
in Section [B] can be applied for the limit problem (L.14)).

The proof of Theorem requires the following two lemmas, regarding the adjoint of the
operator L¢.. In view of Proposition [4.3] this adjoint has the following expression:

Lo (0)(y) = | Ge(w,y)(W(2) = d(y))du(z), Vi € L*(HY).

HN
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Lemma 5.2. Let G satisfy Hypotheses .3 and[L.3. For every function ¢ € C}(HY),

L Ww=—[ Guwyw. / Y, (—re W )dr p(e| W) dpu(W),

T,HN

where F,, = 1 o exp,, is the geodesic normal coordinates expression of 1 around y and

p(r) = (ﬂ)”l :
Proof. By the definition of G.,
L)) == [ 6 (200 ) 00) = o))

Using that G is constant along the orbits of the geodesic flow, we also have:

5 000 == [ 6 (5220 ) () - w)uto),

The change of variables W =V, ,, that is z = exp, (W), turns the above integral into:

52 L)) = [ G (020 e, (1) = 0000 s, (V)0

In view of LemmaZ.4, Jey, (W) = p(|W]). Using this fact in (5.2)), a change of variables W — —eW
and the Fundamental Theorem of Calculus, we obtain:

Lo, ) = [ G W) (B (==W) = FO)p(elW (V)
(5.3) . 1
—— [ G W [ VR W) W (),

T,HN
which finishes the proof. O
Lemma 5.3. Let G satisfy Hypotheses[.2 and[I.3. The following holds uniformly in € € (0, 1)

I1ZE, ()l 2y < M)V | 2, Vo € H'(HY).

This means that Ly, : H'(HY) — L*(H") is a bounded operator with norm at most M(G).

Proof of Lemmal[5.3. By density and the boundedness of L¢,_ on L2(HY), it is enough to prove the
lemma for ¢ € CL(HY). By Lemma 2.4}, we obtain that:

VE,(=7eW) - W = Vip(exp,(—7eW)) - d_rew (exp, ) (W)
= Vi(exp,(—meW)) - P(y, exp,(—1eW))(W),

where P(y,z) is the parallel transport in THY along the unique geodesic from y to x in HY.
Plugging into Lemma [5.2], we obtain:

Lo, 0)) = = [ [ G W) Ply.cxn,(=reW))OV) - Vfexp, (—reW )l V) (V).

Since the parallel transport P is an isometry,

| P(y, exp, (=eW))(W) - Vi(exp, (—eW))| < [WI[Vi(exp, (—TeW))|.
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Taking into account that G(z, W) < k&(|W 1), we obtain:

L, () (9)] < / / R DWW (exp, (~meW) (el W (W) dr.

Next, we work on the half-space model and we transform the integral on T,H" through the
identification T, H" ~ R switching to Euclidean norms via the change of variables V = yiNW,
where we notice that |W| = |V|.. Therefore,

L, () ()] < / / VI VIV (exp, (—reyn V) p(el VI dVdr.

Integrating on HY, we get, via Holder’s inequality, that ||Lg_(¢)]|32 @~y is bounded from above by:

/ /HN U (V1) Vep(elV]e)dV - /RN ka(IVIIVep(elV]e) [ Vib(exp, (—reyn V)"V | dpu(y)dr.

Since p is an increasing function, we get for all € € (0,1) the inequality:
[ VIOV Lp(eIVI AV =VolE ) [ karyrplen)r
RN 0
SVOI(SN_l)/ kg (r)rsinh(r)Ndr < M(G).
0

Therefore,

I8 @y < M@ [ [ KaVIIVIplelVi) [ 9o, (~reun ) Pantaavr

Using again that p is increasing, we obtain by using Lemma 5] for ¥ = |V#|? and for the vector
—71eV, that, Ve € (0,1),

|26 )2y < MGV 72, /RN ka(IVIIVep(V]e)e™ DIV Iqv.

Since

/ k§(|V|e)|V|e,0(|V|e)e(N_1)W‘edV = VOI(SN_l)/ kg(r)r sinh(r)N_le(N_l)rdr < M(é),
RN 0

it follows that L, : H'(H"Y) — L?*(H") is bounded with norm less than M(G). O
Lemma 5.4. Let G satisfy Hypotheses[I.4 and[1.3. Then, for every » € HY(HY),
(5.4) lin 1255, () = X (6) | 2m, = 0.

Proof of Lemma[5.4 The proof consists of three steps:
Step 1: We further assume that G is C' and has uniform compact support away from the null

vector in each tangent fiber, which means that there exists some ry > 1 such that, if |IW| ¢ [ 7"0]

é(y, W)=0,VvycH".

This is equivalent to kg defined in Hypothesis [[.3] being compactly supported in (0, co).
In view of Lemma 5.2,

Lo == [ Gem)w [ R el u),
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where Agq un[rg", 7] stands for the annular domain in 7,H" centred at the origin, with radius
inner radius % and outer radius rg:

1
ATyHN[To_laTO] = {W S TyHN : |W| c {T_’TO] }
0

Since we work with continuous functions on compact domains, we can apply dominated convergence
in the integral above. Using that p(0) = 1,

Xaly) = — s G (y, W) Wdu(W) and Xg5(1)(y) = X5(y) - VE,(0),
we arrive to:
(5.5) lim L7, (4)(y) = Xa(@)(y), Yy € HY.

Taking into account that G(y, W) = 0 for any y € HY and any |W| < rq, it follows that Lg ()
vanishes outside K™ := {y € HY : d(y, K) < ro}, where K is the support of 1. This enables
us to further apply dominated convergence in (5.5) to finish the proof of (5.4]) in the compactly
supported case.

Step 2: We approximate the function G with compactly supported functions with respect to the
tangent vector, like those considered in Step 1. s

More precisely, for every n > 0, we construct a function G : THY — [0, 00) invariant with
respect to the geodesic flow such that:

(5.6) G <@,

(5.7) kg has compact support in (0, co)
and

(5.8) M(G —Gm) <.

The construction is done as follows: since G satisfies Hypothesis [I.3| we can take R, > 0 such
that:

Vol(SV1) / ka(r) (1 +7)(e"sinh(r))¥~'dr < n.
R\[ o)

We further consider a smooth non-negative function ¢, which is equal to 1 on [, R,], less then

Ry
or equal to 1 on R and vanishes on [0 |U[R, 4+ 1,00). We finally set:

G(z, V) = G(z, V), (IV]),

so that properties (5.0)-(5.8) are obviously satisfied.
Let G": HY x HY — [0, 00),

(5.9) G(a,y) = G1(z, Vi),
Also let X be the first moment vector field corresponding to G , which has the form:

(5.10) X'(z) = — Gz, WYWdpu(W).

T,HN
Therefore, Remark [5.1] implies that:

1X = X" gy < M(G — G7) <,
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which, together with the pointwise estimate:

(5.11) (X (%) = X"()] = [V - (X = XN)| < [|X = X poe gy VY], Voo € H'(HY),

leads to:

(5.12) 1 X (%) = X" ()| 2y < 0l VY| L2y

On the other hand, we apply Lemma for the function G — G, together with (5.8)) to obtain:
(5.13) 126, (¥) = Lgn ()| 2y < nll V|l 2@any, Ve € (0,1).

Moreover, applying the compactly supported case (Step 1) to G", we obtain that, for v € C}(HY),
we have:

(5.14) lin [ (9) = X)) = 0.

The triangle inequality for the L?(HY) norms:

L5, () =X ()] L2 mavy
<|[Lg. (V) = Legn ()| L2y + [ Lgn (¥) — XM || 2 vy + [ X7 (0) — X (D) || L2 vy,

together with (5.13)), (5.14) and (512), leads to (5.4).
Step 3: Estimates (5.11]) and (5.I3) allow us to prove that (5.4) is valid for any ¢ € H*(HY). O
We are now able to write the:

Proof of Theorem[1.3. Theorem [A.1] implies that, for every T" > 0, the family (u°).~o is bounded
in L2([0,T], L>(HY)), so we can extract a subsequence that converges weakly, as ¢ — 0, to some
u € L2([0,T], L*(HY)). From Lemma [£3] and Lemma [5.4] we deduce by dominated convergence
that L¥, ¢ — X(¢) in L2((0,T), L*(H")) and then:

/000/ u(t, 2)0yp(t, x)dp(w)dd

= ll—%/ /HN (t,2)0p(t, x)du(x )dt

= _/]HIN uo(z)p(0, z)dp(x) — lim Ot (t, x)p(t, )dp(x)dt

e—0

:_/HN o(2)p(0, z)dp(x —ll_)r%/ /iiLGE (x)(t, x)dp(x)dt
—— [ 0.0 ~tim [ [ 0L ) (o

—— [ w@p0.0d@ - [ [ o)X o)

which means, by Definition and Theorem .5 that u is the unique weak solution of problem
(LI4). In conclusion, since every subsequence of the initial sequence (u.).~¢ admits a subsequence
weakly convergent to the same function u, then the weak convergence u. — u is valid for the whole
initial family of solutions (u)eso- O
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6. A LARGE CLASS OF FUNCTIONS (G SATISFYING THE ASSUMPTIONS OF THEOREM

In this section, we work on the Poincaré ball model to provide an explicit construction of a very
general class of functions G satisfying Hypotheses [[.2] and [L4l As outlined in Section 2.3] we
construct a function g : S¥=! x SN~ x (0,00) — [0, 00), such that, if

G(a, V) = glo (@, V),0" (x.V), [V]),
for any V # 0 in T,H", then Hypotheses and [[.4] are satisfied.
Proposition 6.1. If g : S¥=1 x S¥=1 x (0,00) — [0,00) has the separated variables expression

glo™ 0", r) = gi(o™, 0 )E(r)
such that g, : SNt x SV — [0,00) and £ : (0,00) — [0,00) are C' and £ satisfies:

(6.1) /000 E(r)(1 + r)(e" sinh(r))N tdr < oo,

then G(z,V) = glo~(z,V), o (z, V), |V|) satisfies Hypotheses 1.2, and[1.7).

Proof. Proposition 23] implies that G is invariant under the geodesic flow.

Next, since G(z, V) < ||g1]|s £(|V]) and g¢; is continuous on the compact space S¥=! x SV~ it
is clear that G satisfies Hypothesis [L.3

We prove now that the vector field Xz is C'. Indeed, we recall that:

o) = [ G@vVanV) = [ o @ V)0 @ VIEIVDAuV),

Writing this in polar coordinates and taking into account that

V) =0 (o) md ot V) =t ()

(both vectors V' and ‘—“f‘ describe the same geodesic), we obtain:

(6.2) Xa(z) = /000 E(r)rN "ty /TlHN gi(o™ (2, 7), 0" (2, 7))du(7),

where T'H” stands for the unit sphere in 7, H".
Since, for a compact neighbourhood V, of z € HY, the set
1y, _ 177N
™, = |J 1,1
YEV,

is compact and the functions ¢~ and ¢© are smooth on this set, we obtain by (6.2)) and the fact
that gy is of class C*, that the vector field X is also C*. O

From the proof above, it is clear that we can relax the conditions on the function g; in the sense
that we require it to be bounded, but C! only outside the diagonal {(c,0)} C S¥~1 x SV-1,

7. COMPACTNESS RESULT ON MANIFOLDS

In this section, we state and prove a compactness result for functions defined on a general class
of Riemannian manifolds. This compactness tool is the manifold analogue of [26] Theorem 3.1],
which is in turn based on [I, Theorem 6.11] and it will allow us to prove the convergence of the
solutions of the non-local non-linear convection-diffusion problem (ILTH) to the solution of the local
one. The result is contained in the following:
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Theorem 7.1. Let (M, g) be a N-dimensional complete connected Riemannian manifold and A :
[0,00) = [0,00) a continuous function such that A(0) > 0. We denote A(r) = ZxA (£), e > 0.
Let T > 0 and (u¥)e>o a bounded family of functions in L*([0,T], L*(M)) such that

_2/ /M M a: Y )\u (t y) —u (t $>|2d'u9( )d,ug(y)dt <I< o0, Ve > 0.

(1) If u® converges weakly to some u € L*([0,T], L*(M)), then u € L*([0,T], H'(M)) and there
exists a constant C' which only depends on T, M and A, such that

T
/0 IV gu(t)]|72(apdt < CT.

(2) If, in addition, ||0wu| 20,10y @S uniformly bounded in € > 0, then (u%).so has a
subsequence which converges strongly in L*([0,T), L .(M)).

Remark 7.2. Since condition (7)) is also satisfied for any A < A, we can assume during the
proofs that A is smooth, compactly supported and non-increasing, as in the Euclidean version |26,
Theorem 3.1].

The main idea of the proof of Theorem [Tl is to transfer the functions defined on M to subsets
of the Euclidean space, for which the conclusion is true by [26, Theorem 3.1]. In this sense, the
following chart covering lemma, inspired from [28, Lemma 3.1], essentially flattens the manifold
M locally to subsets of RY.

Lemma 7.3. Let E C M a compact set, then for each n € (0,1), there exists a finite family
(Uk)le ,Q = Q(n), of bounded open sets of M such that:

i) U, NU, =0, Vk # 1 and the closures (Uk)le cover .
ii) for every k = 1,...,Q, the set U, can be written as the intersection of a countable family
(Up)32, of sets contained in the domain of a coordinate chart (Vi, ¢x) such that every set
Ul is a finite union of disjoint smooth bounded domains.
iii) for every k =1,...,Q, the following properties are satisfied:

(1 =n) [or(z) = dr(y)l. < d(z,y) < (1 +n) [or(x) — dr(y)]. ,

1—n<y/detgij(z) <1+,

for every x,y € Vi. Here, (gj)i; is the matriz corresponding to the metric tensor in the
local chart (Vi, ¢y).
iv) For every k = 1,...,Q, the operator norm |[dow|, ||, vy of doil, « (ToM,|-[g) —

(RN, |- |e) is bounded by:
I—n< ’|d¢k‘x“(TzM—>RN) <1l+n,

for every x € V.
v) the boundary of Uy has zero volume, for every k =1,...,Q.

Proof. For every point = € E we consider (V. ¢,) normal geodesic coordinates around z, restricted
such that the chart domain V, is a ball and properties iii)-iv) above are satisfied. Now, we
consider the family (W,)zep of balls concentric with V., but with half radius and extract the finite
subcover (Wk) Wit of E. The family (Uk) ', is constructed as follows: U; = Wy, Uy = Wy \ Uy,
Us = W5\ U; UU, and so on. We obtain that properties i) and v) above are satisfied.
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A classical result attributed to Whitney implies that every Uy, is the set of zeros of a smooth
function ¢x : M — [0,00), which in turn equals 1 outside a large compact set. Sard’s lemma
provides us a sequence (0,),>1 converging to zero as 7 — oo, of regular values of ;. Considering:

Ui = G ([0, 7)),

it follows that U} is a smooth compact manifold with boundary ¢, Y(0,), so property i) is satisfied.
We further remark that U] has finitely many connected components. O

We also need the following result related to [1, Theorem 6.11, p. 128], concerning the Euclidean
case:

Lemma 7.4. Let T > 0, Q be a open and non-empty set of RN and A as in Theorem [71. If

there exists a positive constant I such that (f-)eso converges weakly to f in L*(0,T], L2(2)) and
satisfies:

T
5—2/ / Ay — 2l foltsy) — folt, o) Pdadydt < TV & > 0,
0 QxQ
then f € L*((0,T), H'(Q?)) and there exists a positive constant C(N, A) such that:
Ve fl72(0.11,0200)) < CT.

Proof. We follow the proof of [I, Theorem 6.11 (1.i)] and introduce f, the extension of f by zero
outside of Q. It satisfies

/OT/RN/QA(\ZE)XQ@JFW)

and, up to a subsequence,

fot,x +ez2) — fo(t, )
15

folt,x +ez) — fo(t, z)
5

2
dzdzdt <T,

(A(|2]e)) 2 Xa(z + £2) — (A(|zle))22 - Vo f(t, x),in L2((0,T) x RN x Q).

Therefore, using that the strong norm in a Banach space is weakly lower semicontinuous, we obtain:

T o~
/ / /A(|Z|e)|z Vef(t,z)Pdodzdt < T.
0 RN JQ

c, ;:/ A1)z - w]tdz, w € SV,
]RN

Since

is independent on the choice of the unit vector w € SV¥~! the conclusion follows with C' = 0

1
C1
Proof of Theorem[7.1] Let us consider a time-dependent smooth vector field X with supp(X) C

[0, T] x E for some compact set £ C M. In order to conclude that u € L*([0,T], H'(M)), we look
for a positive constant ', independent of X such that:

(7.2)

T
/ / udivg(X)d,ugdt‘ < CuHXHLQ([O,T],L?(M))-
0 M

For the set E above, we consider the construction in Lemma [I3 for an arbitrary n € (0, 1).
In this setting, we denote X}, the expression of X in local coordinates given by (Vi, ¢x) and, by
Lemma [7.3 i )-iv), we obtain:

(7.3)

2
1556 26, 07)) = /
k

ok (UR)

1 (1+mn)? 9
Xa2da:/d X)) ()P ————dpu,(z) < X527 -
Xu(lida = | o)W s ditg() < = IX gy
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For every k =1,...,Q and every 7 > 1, we obtain:
*/./WW e, ) () — ()P () Ay )t < T
Next, we transport everything through the chart map ¢, and get:
L MO ) O 0 0) 1 5

x y/det gy (6 (a))y/det g, (65, (8))dadbelt < T

From Lemma [7.3] since A is non-increasing (see Remark [.Z)), we obtain that, for u := u® o ¢; ',
it holds:

T
5_2/ / A((1+n0)|b— alo)|ug(b) — us(a)]*dadbdt < 2 5
0 Jop X (UT (1-mn)
Since 1 € (0,1) we denote A.(r) := A.(2r) and we obtain:
T ~
(7.4) 5—2/ / A(|b = a|o)[ui(t, b) — ui(t, a)[*dadbdt < %
0 Jon(UD) k(UL (1—mn)

Next, we transfer the weak convergence u® — wu through the chart map ¢; using the same changes
of variables from above and obtain that:

up — U = uo (Z),;l in Lz([O,T], or(UY)).

We use (T.4) and Lemma [T4to obtain that u;, € L*([0,T], H'(¢x(U}))) and there exists a constant
C = Cj with

cr

T
7.5 Vou||? oy < —
(7.5) /0 | Uk||L2(¢k(Uk)) =1—9)?

Let ()%, a partition of unity subordinated to the cover (U7)%¥_, (see [I3, Lemma 9.3]). Then,
for almost every ¢ € [0, 7],

(7.6) / u(t) divy(X)dp, = Z / t) divy (6, X )dps,.
Next, to simplify writing, we drop the time dependence. For every k =1,...,Q),

(7.7) / vy (B X)dny = /M)u(m (a)) divy (6.3 (9 () det g,y (97 (@) da

Now, we denote Sk =0 0 ¢,;1 and recall that X}, is the expression of X in the local coordinates
given by (Vi, ¢r). The expression of the Riemannian divergence (Z1]) in these coordinates implies
that that the right hand side integral in (7.7) is equal to:

/ uy, div, <5ka det(g;; o gb,;l)) da
o (U7)

We use that for a.e. t € (0,T), ug(t) € H'(U7) and 6, X}, has compact support in U to obtain
that:

/ udiv,y (6 X)dp, = / 0k Vet - Xy /det(gsj 0 ¢, ") da
T ok (Ug)
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Next, using the third property in Lemma [7.3] and the estimate on X}, in ([T3]) we get that:
(7.8)

/ wdivy (65X )dp, (L+n)°
T

< (H)IVeurl 2wy Xkl 2207y < 7173 1 Vel 2w 1 X | z2g)-
(L—=n)

Integrating with respect to time variable, relations (7.5]) and (7.8)) imply that:
(L+n)° /=T
/ /T u div, (6, X )dp,dt| < (1 3 HX||L2 ([0,7),L2(UY)) *

n)2
Considering the sum over k = 1,...,Q, equality (Z.0) 1mplies:

(1+n)? /T
/ / udlngd,ugdt‘ (1- — Z||X||L2(0T L2(UT)) -

n)2

Since this is true for all 7 = 1,2, ..., we obtain by Lemma [[.3] v) that:

div, X dpdi| < LED /5 X _ W0 oF ix
“ WX dpgdt] < (1—7) Z“ 220,77, L2(03)) = (1—7): 15 22 0,17, 22 o))

n)?

Now, we take the limit as 7 tends to 0 and get:

T
/0 /MudngX d,ugdt‘ < vCT HX||L2([0,T],L2(M))7

so we are in the setting of (7.2)). We deduce that v € L*([0,T], H*(M)) with

T
/0 19 41u(t) 22yt < CT.

We have proved the first part of Theorem [7.1]

To deal with the second part of the theorem, it suffices to prove the strong convergence u. — u
in L2([0,T], L*(U7)) up to a subsequence, for every k and 7. As usual, we transfer the problem on
the Euclidean space via ¢y and apply the known Euclidean result ([26, Theorem 3.1]).

Indeed, let u; as above. We will show that there is a constant K > 0 such that, for every ¢ > 0
and o € C((0,T) x 6 (U7)):

T i ’
/ / ui(t, a)dp(t,a)dadt| < K / Ol
0 Jouwp) ’

assuming that we know that there exists K > 0 such that:

/OT/T uf (t, 2)Opb(t, x)dp, (z)dt 2

for every € > 0 and ¢ € C°((0,7) x UJ). For details about these equivalent characterizations of
the norm ||0yu|| r2(j0,r), -1y see [35, Propositions 23.20 and 23.23].

For ¢ € 030((0, T) x ¢r(U7)), the third part of Lemma [7.3] together with ((7.9) implies that:
2

(£, 2)0p(t, Pi () —m=——==dpty(x)dt
D) . t det gm< )Y

= W /O /U le(t ou(@)? + 1Vslo(t, dr(@)]I3] dpag(a)dt

T
(79) S T

w(t,a)0p(t, x)dadt
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Since, by the fourth part of Lemma [T.3]

IValp(or(@))llg = [ld(@ 0 r)ell@rr—my < dPs @)l @y —ml|dokll i ar—mvy < (14 0)[Vep(r(2))le,
we change variables to the Euclidean space and obtain:

2
T K 1 3
/ / W (t, @)y (t, ) dadt (L+n)
0 Joér(U])

T
2
< [ et
Therefore, we proved that |[|0uf| 12(

0.70,H2- (61 (U7))) is uniformly bounded in € > 0, and,

since the set ¢ (U7) has finitely many connected components, each of them being a smooth
domain, [26], Theorem 3.1] implies that, up to a subsequence, (uj).s¢ converges strongly to u; in
L*([0,T), 61 (UT)). With the same change of variables that we used extensively in this proof, we
get that (u.).-o converges strongly to u in every L*([0,T], L*(U7)), so the latter convergence takes
place in L2([0,T], L3 .(M)). O

loc

8. LOCAL NON-LINEAR CONVECTION-DIFFUSION ON THE HYPERBOLIC SPACE

In this section, we turn our attention towards a local non-linear convection-diffusion problem
on the hyperbolic space. The positive constant A represents the diffusivity coefficient, whereas
the locally Lipschitz real function f, together with the bounded C* vector field X, will act as the
non-linear convection term for the particle system.

Ou(t,r) = AAu(t, ) — div(f(u(t))X)(x), =€ HY,t>0;
(8.1) { u(0, z) = up(x), r € HV.
Definition 8.1. Let uy € L*(HY) N L>(HY). We call
(8.2) u € L= C([0,00), LX(H)) N LE ([0, 00), H(HN)) N L>=([0, 00), L (HY))

a weak solution of (B1)) if, for every ¢ € C1(]0, 00), HY(HNY),
/000 /HN u(t, 2)0po(t, x)dp(z)dt + /HN uo(2) (0, z)dpu(z)
_ /0 h /H AVt 1) Volt, 1) — flu(t, 0)X(2) - Viplt, )] du(z)de.

We prove an equivalent formulation of the definition above:

Proposition 8.2. A function u belonging to the space L defined in (82)) satisfies (83) if and only
if O € L2 ([0, 00), H-YHY)) and u satisfies:

(Opu(), ) g+ sy g oy + A / Va(t) - Vo du(z) = /H FB)X () T d),
vy € HYHY), a.e. t >0;

(8.3)

HN

(8.4)
u(0) = up.
Proof. Let T > 0 fixed. The direct statement follows by considering o(t,z) = n(t)y(z), with
n € CLH[0,7)) and v € H'(HY). Indeed, we choose 1 such that 7(0) = 0 and obtain the first line
in (84) by [15, Definition 1.4.28]. Next, we remark that, by density, (83) also takes place when
n € H'([0,T)) with n(T) = 0. Choosing
t
. —;—Fl, tE[O,T]
n(t) = { 0, otherwise
we obtain, by letting r — 0, that u(0) = wuo.

The converse statement follows by replacing ¢ with ¢(t) in the first line of (84]) and using [15]
Theorem 1.4.35]. O
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Next, we prove the uniqueness of weak solutions:

Proposition 8.3. For every uy € L*(HY) N L®(HY), there exists at most one u satisfying the
properties in Proposition [8.2.

Proof. Let T > 0, uy,uy € £ with dyuy, duy € L2([0,T], H-1(HY)) and such that uy, us satisfy
(84) with u;(0) = uz(0) = ug. Denoting v = u; — us, we obtain that, for every ¢ € HY(HY),

CRC TGN y— /

HN

Vou(t)-Vedu(r) = / [f (ua (8)) = f (w2 ()] X (2)- Vo dpu().

HN

Testing the equality above against ¢ = v(t), we get (see [32, Chapter III, Lemma 1.2]) that:

% v lo(t)|Pdp () +A/HN |VolPdu(z) = /HN[f(ul) — f(u2)]X - Vu(t)du(z)

Since u1,uy € L>®([0,00), L°(HY)), f is locally Lipschitz, and X is a bounded vector field, it

follows that there exists a constant L > 0 such that:

d
— Iv(t)lzdu(x)+A/ [VolPdu(z) < L/ v [Voldpu(z).
dt HN HN HN

The inequality ab < ﬁaQ + %bQ applied in the RHS above implies that:

d L?
— t)]2d <= t)|2du(x).
& [ 0Pt < 55 [ Pant)
By Gronwall’s lemma, it follows that v = 0, so the weak solution is unique. O

9. NON-LOCAL NON-LINEAR CONVECTION-DIFFUSION ON HYPERBOLIC SPACE

This section is concerned with the basic analysis of the non-local non-linear convection-diffusion

problem (LI)).

9.1. A priori norm estimates. We will study problem (LIl for the initial data
uy € Z = LYHAN) N L (HY)

and we will look for solutions u € C*([0,T], Z). Before proving the existence and uniqueness of
solutions, we need some a priori estimates on the L' and L*-norms:

Proposition 9.1. Assume that J : [0,00) — [0,00) is such that [} J(r)(sinh(r))Y~'dr < oo and
G :HY x HY — [0,00) satisfies (EI) and [E2). Also let f be a non-decreasing, locally Lipschitz
real function.

IfT >0, u € Z and u € C'([0,T], Z) is a solution of (L)), then ||u(t)|rr@~) < |Juollr @
and ||u(t)|| Loy < ||ol| poe vy, for every t € [0,T7].

Proof. Without loss of generality, we can assume f(0) = 0, since it makes no difference in (1)) if
we consider the function f — f(0) instead of f.
To prove the L'-estimate, we notice that:

i e / J(d(z,y))ult, y) — ult, 2))sen(ut, 2))du(y)du(z)

dt HN HN xHN

+/HN " Gz, y)(f(ult,y) — flult,z)))sgn(u(t, z))du(y)du(z).
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We only prove that the second integral in the right-hand side is non-positive since, in fact, the first
integral is a particular case of the second one.

/]HIN N G(z,y)(f(u(t,y)) — f(u(t,z)))sgn(u(t, z))du(y)du(z)
< /HN o G(Sc,y)lf(U(t,y))ldu(y)du(fﬂ)—/HN . Gz, )| fu(t, ) |dp(y)du(z),

which vanishes by (42). We have used that, since f is non-decreasing and f(0) = 0, then
sgn(f(r)) = sgn(r). Therefore, we have shown the L'-norm estimate of the solution.
For the L™ part, we generalise the results in [27, Lemma 3.1].

Lemma 9.2. Let G : HY x HY — [0, 00) satisfy (&1) and (&2). Then, for every 6 € L*(HY) and
every 6 > 0,

/ G, 1)) dpu(y)dpa(z) < / 6@) [ Cle.y)dply)du()
0(z)>0} JHN {6(2)>5} HN

G(z,y)0(y)dp(y)du(x) > 0(x G(z,y)du(y)dp(z).
[ e = [ 6w [ 6

Proof of the Lemma. We will only prove the first part, since the second one follows by replacing
with —6. We begin with the case 6 = 0. Using that 6 X(s<¢; and G are non-negative, a change of
variables implies:

Loy Le@smeae < [ [ G

= 0(x G(y,x)d du(x) < O(x Gly. z)d dulz).
/{G(w)zo} ( )/{G(y)ZO} v, 2)duly)dulz) < /{G(x)zo} ( )/HN (y; 2)dp(y)dp(z)

The conclusion in the case § = 0 follows then by Proposition
For ¢ > 0, since @ is integrable, the set {0(-) > d} has finite measure. Therefore,

/9( >s} JHN G(z,y)0(y)dp(y)du(z)

= G(z,y)(O(y) — 0)duly)du(z) + 6 G(z,y)du(y)du(x
/{G(m)—azo} /HN (2,9)(6(y) = 0)dpuly)dp(z) + /{e<x>—520} /H Gl y)duly)du(z)

G X, 9 - 5 + d d X 5 G x, d d T

S/{e(x)—&O} /]HIN (@ 9)1(0 = )" (W)duly)du(z) + /{ - /H _Gla,y)dp(y)du(z)

</ Gl )[(6 — 8)" (Wlduy)duta) +5 [ G (e, y)du(y)dp(a),
{(6—0)* (x)>0} JHN

{0(z)—5>0} JHN

and

where the positive part function is defined as (f — 0)" := max{(f — ¢),0} and we notice that the
set {(0 —0)*(x) > 0} is, in fact, the whole space HY. Further, we apply the case § = 0 above for
the function (6 — 6)*, which is in L*(H"), and obtain:

/9( >5} JHN G(z,y)0(y)dpu(y)du(z)

6 —6)" G(z,y)d d ) G(zx,y)d dp(x
< /{(G_WM[( / ) dpa(y)dpu() + / (2. y)dpu(y)dpu(a)

{0(x)—6>0} JHN

= O(x) — o G(z,y)d du(z 0 G(z,y)d dulz
/{e(x)—cszo}( (@) )/HN (,y)dp(y)dp(z) + /{9(@_520} /HN (z,y)dp(y)dpu(r)
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The conclusion of the lemma follows. O

We return to the proof of Proposition and denote m := ||ug|| poomny. Then,

(9.1)
% - (u(t,r) —m)tdu(r) = /HNXHN J(d(z,y)) (u(t,y) — u(t, 2)) Xgu, >m} (2)dp(y)du(z)

[ G ult. ) = F(ult,2)) Xty (D))

We clain that the second integral in the RHS is non-negative and the first one can be treated
similarly. Indeed, since f is non-decreasing, the second integral becomes:

/ / Gz, y)(f (ult, y)) = f(ult, 2)))du(y)dp(z).
{(ut )= fm)} JEY

Since u(t) € Z and f is locally Lipschitz, it follows that f(u(¢,-)) is integrable, so we can use
Lemma [9.2] to deduce that:

/ / G, ) (F (ult, ) da(y) () < / f(ult,2)) / G, y)dpa(y)dpa(),
{f(u(t,"))>f(m)} JHN HN

{f(ut,))2f(m)}
which shows our claim. Then, going back to equation (O.I]), we conclude that, for every t € [0, T,
u(t) < m almost everywhere. Similarly, one can prove that u(t) > —m a.e. and obtain the desired
L*-norm estimate for u(t). O

9.2. Existence and uniqueness. The existence and uniqueness result for problem (1)) is a
classical application of Banach’s Contraction Principle:

Theorem 9.3. Let J, G and f as in Proposition[d1. Then, for any ug € Z = L*(HY) N L (HY)
there exists a unique solution u € C([0,00), Z) of the problem (LIJ).

Proof. We define two operators L 5 Lay:Z—=Z,
Low)(@)i= | Jd(w9)) i) = wla))duty).

(9.2)
L f(w)(z) = Lo(f(w)) = /HN Gz, y)(f(w(y)) — f(w(z))du(y).

In fact, the first operator is a particular case of the second one, i.e., EJ = Ljd(,)),id-
With this notations, problem (LI) can be written in the equivalent form:

{atu(t) = Ly(u(t)) + Le.s(u(t), t>0,

(9:3) u(0) = up.

Similarly to the proof of Theorem F.1] taking into account that, for every € HY,
/ J(d(z,y))dy = Vol(SN_l)/ J(r)(sinh(r))¥~tdr < oo,
HN 0

one can prove that L s is a bounded linear operator on Z. Thus, denoting S(t) := etls the semigoup
generated by it, we are looking for fixed points in C([0, 7], Z) of the operator:

(@(u))(t) = S(t)uo + /0 S(t — 8)Le.s(u(s))ds.

By Banach’s fixed point theorem in a ball of C([0, 7], Z), we obtain a local solution v € C([0,77], Z),
where the time 7' > 0 depends on the L' and L norms of the initial data. The C'([0,7], Z)
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regularity of the solution follows by the boundedness of the two operators L s and Lg ¢. The global

existence is then a consequence of Proposition O
The following result will be used to prove L?*-norm estimates for the solutions of (IL.T]).

Proposition 9.4. Let G : HY xHY — [0, 00) satisfy @) and [E2). Also, consider f(r) = |r|? 'r,
q>1. Then,

(La.p(w), w)L2@ny = / Gz, y)(f(w(y)) — f(w(@))w(z)du(y)du(r) <0,

HN xHN
for every w € Z = L*(HY) N L>°(HY).

Proof. Since, from Young’s inequality a?b < q%la‘”l + q%lbq“, for any a,b > 0, we get

/HN - G(x,y) [Jw(y)|* wy)w()| du(y)du(z)

S/HN o G(z,y) lL|W(@/)Iq“+ L (@) | du(y)du(a).

qg+1 qg+1
Since G satisfies (4.2)), the RHS above is exactly:

[, Glele@ i)

HN xHN

and thus the desired inequality holds. 0
The following consequence is immediate:

Corollary 9.5. Let J and G be as in Proposition[31, f(r) = |r|"'r, ¢ > 1 and u € C'([0, ), Z)
a solution of (LI)). Then, the L?>(HY) norm of u does not increase in time. Moreover, the following
enerqy estimate holds:

T+ [ [ a0l 5) = ) ) < ol

Proof. A change of variables implies that:
1

(Lot uey = 5 [ T ult) - ult.0) i)

Therefore, multiplying ([@.3) by u(¢) and integrating on [0,7] x HY, the conclusion follows by
Proposition O

Remark 9.6. The results in this section can be immediately generalised to arbitrary measure spaces
(X, A, p) by replacing J with a symmetric kernel (i.e. J(x,y) = J(y,z), Vx,y € X) which satisfies:

swéj@ww@<w-

zeX
10. RELAXATION LIMIT FOR CONVECTION-DIFFUSION EQUATION
This section is dedicated to the proof of Theorem [[.§ We recall that the equation (LIH]) can

be written as:

(10.1) {3t“(f> = L,.(u(t)) + Le. f(u(t), t>0

u(0) = up,
where J. and G, are defined in (I6) (I0) and the operators L, and L¢. s are given in (9.2).



CONCENTRATION LIMIT FOR CONVECTION-DIFFUSION ON THE HYPERBOLIC SPACE 29

First, we remark that, in the setting of Theorem I8, [ J.(r)(sinh(r))¥~'dr is finite and G.
satlsﬁes (@1) and (42). Therefore, we can apply the results in the previous section to obtain
well-posedness and L!, L? and L*®-norm boundedness for the solutions u® of (I0.T]).

Before proceeding to the actual proof, we need some results concerning the sequence of operators

(EJE)€>O‘

Lemma 10.1. Let J : [0,00) — [0,00) such that the quantity M(J) defined in (II6) is finite.
Then, for every ¢ € HY(HY) and e € (0,1),

Lt = 5 [ 9 (M) @00 - ) (o) < FEI T,

3

Proof. The equality above follows as in the proof of Corollary For the inequality, let us denote
I5(1) := 2(=Ls 0, ¥)2qvy. For every & € HY, we change the variables y = exp, (W) as in the
proof of Proposition [£.3] and get:

fi) = /H / ) (§|W|) (6 (exp, (W) — () o(W ) du(W ) dp(x)
= W) e ) vl o)

=[] (/ Vi(espy(reW) - Pla, expx(TEW))(W)dep(EIWl)du(W)du(x)-

Since the parallel transport is an isometry, |P(x, exp,(7eW))(W)| = |W| and, since p is increasing,
p(e|W|) < p(|W1]). Therefore,

o< [ [ DRI, (W) Pl iV (o)

Working on the half-space model, we change the variables V' = ﬁW, so |V|. = |W| and we obtain:

By < [ IVIDIVEYL) [ 190 eV Pdute)avar.

T

. N-1
Now, we apply Lemma and use that p(r) = <M> to get that:

B < [ TWVIDVERVL) € IWIT 0 dV < S)T6 g

O

Lemma 10.2. Let J : [0,00) — [0, 00) as in the previous Lemma, € € (0,1) andv € L*([0, T], L*(HY))
for which there exists a constant I' > 0 such that:

(102) 2 / [ ( >)<v<t,y>—v(t,x»?du(y)du(z)dtsr.

Then, for every ¢ € L*([0,T], H(HY)),
—~ I
(10.3) <A M) (IVOllaqom, 2y

(0:L0.(9))

\)

L2([0,T],L*(HN))
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Proof. A change of variables implies that:
(10.4)

(v mas))m ey =L (M) 06t~ ottt phantautoar
=g [ () ) - otta)00) — ottt

Further, we apply the Cauchy-Schwarz inequality and use estimate (I0.2]) to obtain:
(10.5)

(820 <5 ' [ (d(i’ y’) (6(t. ) — 6(t, ) Plu(y)du(z)dr.

Finally, we plug the result of Lemma [[0.I]in (I0.5) and arrive to the conclusion. O

Lemma 10.3. Let J satisfy Hypothesis [I.7 and (u®).so a sequence converging weakly to u in
L*([0,T), L*(HN)). We further assume that there exists a constant T > 0 such that:

(10.6) g N~ 2/ /HN . ( y)) (uf(t,y) — u(t, z))*du(y)du(z)dt < T, Ve € (0,1).

Then uw € L*([0,T], H*(H™)) and, for every o € L*([0,T], H*(HY)),

T
10.7 I ( L ) — A / ty) - Volt, y)du(y)dt.
(10.7) lim (u*, Ly.(9)) (012, . Vu(t,y) - Ve(t, y)du(y)
Proof. Since the estimate (I0.6]) holds, then the first part of Theorem [ implies that u €
L*([0,T), HY(HY)). The proof of (I0.7) consists in three steps:

Step 1: We prove that, for ¢ € C OO(HN ) and J compactly supported,

AJqu‘

=0,

L2(HN)

where we recall that by A we understand the Laplace-Beltrami operator on HY. We proceed as
in the proof of Theorem [[L5 and denote F, : T,HY — R, F,(W) := ¢ (exp,(W)), the expression of
1 in normal geodesic coordinates around the point y. With this notation, by a change of variables
we obtain:

L.(¢)(y) 25—2/ J(IWD(E,(eW)) = F,(0))p(e|W])dW.

T, HN

Next, a Taylor expansion up to order two with integral reminder leads to:

F (W) — F,(0) = eVE,(0) - W + £ / 1(1 — 7)Y 0, F,(reW)Wil,dr,

0 ij=1

where the differentiation 9;; and the components of W are considered with respect to the same
orthonormal basis of T, H" we used in the normal coordinates expression of ¢ (in particular, for the

N
half-space model, we can use the basis {yN o } ). The first order term in the Taylor expansion
i=1

vanishes when we multiply it by the radial function J(|W|)p(¢|W|) and integrate on T,HY, so we
obtain:

108) L)) = [ TOWD [ 3 05 (W)W (0= r)drplelW (V).

0 ij=1
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Since, for now, we assume that J is compactly supported, we use (0.8, together with the fact
that p(0) = 1, to obtain by dominated convergence that:

(10.9) thJ (¢)(y):/ J(W)) Eja”F WW/ (1 —7)drdu(W), vy € HY.
e—0 T,HN
y i,j=1

Next, a well-known property of normal coordinates on a Riemannian manifold implies that:

N
= 0iF,(0)
=1

Therefore, using again that J (|W|) is radial, we obtain:

/ J([W)) Z@]F WW/ (1 — 7)drdu(W)
T,HN

2,7=1

(10.10)
= M0g [ HVDIWPIOY) = a0ty

Using (I0.9)) and (I0.I0), the same dominated convergence argument as in Step I of the proof of
Lemma [5.4] implies that:

= O’
L2 ]HIN
since that J and 1 are compactly supported. The dominated convergence argument is also valid
for the time-dependent case, so, for ¢ € C>((0,7) x HY) we can use the weak convergence of

(u¥)es0 to u to obtain:

T
tig (. 200 = A [t dettndn),

An integration by parts argument leads to (I0.7)) in the case of J and ¢ compactly supported.

Step 2: We keep the compact support condition on J, but we let » € L2([0,T], H*(H")). Since
we know that the convergence (I0.7)) takes place for compactly supported functions, Lemma
and the density of C°(HY) in H'(HY) imply that the convergence is also valid in this setting.

Step 3: We drop the compact support condition on J, replacing it with Hypothesis [L7 As in
the second step in the proof of Lemma 5.4] for _every 1 > 0, we approximate J with a compactly
supported function J” such that J" < J and M(J — J7) < n. Therefore, (J — J") satisfies the
hypothesis of Lemma [10.2] which in turn leads to:

(ua, Ly.(p) — ’L};(@)

g | o) — 4089

—~ I
< M(J—J")§ Vol 2o, L2y

L2([0,T],L?(HN))

nl’
S\ 5 IVl 2oy, L2@vy)-
The conclusion of the Lemma follows by a triangle inequality argument similar to the one in the
proof of Lemma [5.41 O

Proof of Theorem[L.8 The energy estimate in Corollary reads as follows, for every T' > 0:

() sy + 5 / Lo () a0 = oot ) Pt < ol

This inequality has two consequences:

(10.11) [ ()| L2y < lluoll 2y, VE > 0;
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(10.12)
/ /HNXHN < y)) (uf(t, y) — us(t, x)) dp(y)dp(z)dt <2 /H Juof*du(x), ¥T > 0.

The inequality ([0.IT) implies that (uf).sg is bounded in L2([0, T, L?(HY)), so, up to a subsequence
(which we also denote by (uf).q), it converges weakly to some u € L?([0,T], L*(HY)). Therefore,
we are in the setting of Lemma 0.3 with T' = 2]|uy]|? 12y from which we deduce that u €

L*([0,T], HY(HY)). Further, Lemma implies that:

\/ ||u0HL2(HN HV<P||L2(0T L2(HN))

Next, we study the uniform boundedness of ||9,u®|| r2(jo, 7], m-1@ny)- Indeed, since, by (I0.4]), the
operator L. is self-adjoint on L?(HY), testing (I0.1) against an arbitrary ¢ € L*([0, T], H(HY))
leads to:

(10.13)

(v, Lo.(v))

L2([0,T],L2(HN))

<

(v, Lo.(v)

+ ’ (f(u€)7 LZ‘E (SO))LQ([07T}7L2(HN)) :

Ol (t, ), (L,
(10.14) ‘( (1) ) e ey L2((0.1], L2 (BV))

Further, the Cauchy-Schwarz inequality and Lemma imply that:

(10.15) ’(f(ua)a LEE(¢))L2([O,T]7L2(HN))’ < M(G)||v§0||L2([O,T],L2(HN))||f(ua)||L2([0,T},L2(IHIN))-
By Proposition 0.1}, we obtain that:
(10.16) [ || oo (0,00), oo v y) < [|wo| oo i)

and, since, f(r) = |r|7"'r, with ¢ > 1, we have that:

(10.17) 1F @)l z2oy.22avy < Iuollf el 2oy 2y < Nluollfe VT [l o) -

Therefore, (10.14]), (I0.15) and (I0.I7) lead to:
(10.18) 10 || 20,77, -1 vy < ol 2wy [ M(J) + M(G)||ug||$2VT | .

As a result, we can apply the second part of Theorem [Z.1] to obtain that up to a subsequence,
(uf).s0 converges strongly to w in L2([0,T], L2 .(HY)). Therefore, the continuity of f implies that,

loc
up to another subsequence (also denoted by (u.)e0), (f(uf)).s0 converges a.e. in [0,7] x HY to

fu).

Next, (I0.I1) and (I0.I6) imply that the sequence (f(uf)).so is bounded in L?([0,T], L*(HY)),
which means that, up to a subsequence, it converges weakly in this space. The strong and the
pointwise limits obtained above imply that:

(10.19) fuw) = f(u) in L*([0, 7], L*(HY)).
Until now, we have proven that:

u® — uand f(uf) — f(u) weakly in L*([0,T], L*(H")).
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Further, we multiply (LI5) by a test function ¢ € CX([0,T), H'(HY)) and get that:
- [ ] wtaatadu@ = [ uw@geo.0du)
:gJW{A A;u%ay{éNJ(igiﬂ)(w@x)—w&wﬁdm¢ﬂuw>

(10.20) €

[0 ) [ Gt (olta) = et o) du@)auty)

~ (v Tute)
(Lot L2([0.T)L2 (V)
Lemma 5.4 together with (I0.19) implies that:

_'_ (f(u€)7 L*Gg (w))L2([O,TLL2(HN)) .

e—0

ing (F0°) L6,(0) ooy = [ [, OO X (eO)ana)at.

Therefore, from Lemma [[0.3 and (I0.20) we deduce that:

~ / / u(t, 2)dyp(t, x)dp(x)dt — / uo()p(0, z)dp(x)
(10.21) 0 =

==y [ [ et Vettau@at+ [ [ Fuo)X ) dutar

Moreover, passing to the limit in (I0.I8) (in fact, in the equivalent statement as in (7.9)), we
get that dyu € L*([0,T], H~(HY)). We have also proved before that u € L*([0, T], H'(HY)), so a
result of Lions and Magenes (see [32, Chapter III, Lemma 1.2, p. 205]) implies that:

u € C([0,T], L*(HY)).

Therefore, also taking (I0.I6]) into account, it follows that u is a weak solution of (LI7]), in the
sense of Definition (8I)). By the uniqueness result in Proposition 83 the whole initial sequence
(uf)es0 converges weakly in L2([0, 7], L*(H")) to the unique weak solution of (LIT). O
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