N

N

Distribution of Energy and Convergence to Equilibria in
Extended Dissipative Systems
Thierry Gallay, SiniSa Slijepcevié¢

» To cite this version:

Thierry Gallay, Sinisa Slijepcevi¢. Distribution of Energy and Convergence to Equilibria in Extended
Dissipative Systems. Journal of Dynamics and Differential Equations, 2015, 10.1007/s10884-014-
9376-z . hal-01227509

HAL Id: hal-01227509
https://hal.science/hal-01227509

Submitted on 11 Nov 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01227509
https://hal.archives-ouvertes.fr

Distribution of Energy and Convergence to Equilibria in
Extended Dissipative Systems

Dedicated with deep respect to the memory of Klaus Kirchgdassner

Thierry Gallay Sinisa Slijepcevié
Institut Fourier Department of Mathematics
Université de Grenoble & CNRS University of Zagreb
BP 74 Bijenicka 30
38402 Saint-Martin-d’Heres, France 10000 Zagreb, Croatia
Thierry.Gallay@ujf-grenoble.fr slijepce@math.hr
Abstract

We are interested in understanding the dynamics of dissipative partial differential equa-
tions on unbounded spatial domains. We consider systems for which the energy density e > 0
satisfies an evolution law of the form 0;e = div, f — d, where — f is the energy flux and d > 0
the energy dissipation rate. We also suppose that |f|?> < b(e)d for some nonnegative function
b. Under these assumptions we establish simple and universal bounds on the time-integrated
energy flux, which in turn allow us to estimate the amount of energy that is dissipated in a
given domain over a long interval of time. In low space dimensions N < 2, we deduce that
any relatively compact trajectory converges on average to the set of equilibria, in a sense
that we quantify precisely. As an application, we consider the incompressible Navier-Stokes
equation in the infinite cylinder R x T, and for solutions that are merely bounded we prove
that the vorticity converges uniformly to zero on large subdomains, if we disregard a small
subset of the time interval.

1 Introduction

Many time-dependent partial differential equations arising in Mathematical Physics are dissipa-
tive in the sense that there exists a nonnegative energy density e(z,t), depending on the space
variable € R and the time ¢ € R, which is locally dissipated under the evolution defined by
the system. By this we mean that e(z,t) satisfies an equation of the form

oe(x,t) = divgy f(z,t) — d(x,t) , (1.1)

where —f(z,t) € RY denotes the energy flur in the system and d(x,t) > 0 is the energy
dissipation rate. Equivalently, integrating (1.1) with respect to both variables x,t and applying
the divergence theorem, we obtain the energy balance equation

/Qe(:v,TQ)dx—/ 2, T1)dz _/ Flz,t) - udadt—/ / z,t)dzdt (1.2)

which holds for any time interval [T}, T5] C Ry and any admissible domain © c RY. Here v
denotes the outward pointing unit normal on 02, and do is the elementary surface area.



As a typical example, consider the reaction-diffusion equation
Owu(x,t) = Agu(z,t) — V'(u(z,t)) , zeRY | t>0, (1.3)

where u : RV x R, — R is the unknown function and V : R — R, is a smooth potential. This
equation appears for instance in the theory of phase transitions [3] and in population genetics [5].
In the particular case where V(u) = +(1 —u?)?, Eq. (1.3) is often referred to as the Allen-Cahn
equation or the real Ginzburg-Landau equation. If u(z,t) is any smooth solution of (1.3), we
define the energy density, the (backward) energy flux, and the energy dissipation rate by the
formulas

1
e = §|Vu|2 +V(u), f=wVu, d = u?, (1.4)

where u; = dyu. It is then straightforward to verify that (1.1) holds, which means that energy is
locally dissipated under the evolution defined by (1.3). Since V' is nonnegative, we also deduce
from (1.4) that |f|> < 2ed. We shall list in Section 2 several other examples of classical PDE’s
which define dissipative dynamical systems in the same sense. In most of these examples, the
energy flux happens to satisfy an inequality of the form

If|* < Ced , (1.5)

for some positive constant C'.

If a dissipative PDE such as (1.3) is considered in a bounded domain © ¢ R¥, with boundary
conditions ensuring that f v <0 on 9f, then (1.2) shows that the total energy

E(t) = /Qe(x,t)dx

is a Lyapunov function of the system, namely F(t) is a decreasing function of time for all solutions
of (1.3) which are not equilibria. Under natural coercivity assumptions on the potential V', this
Lyapunov structure implies that all finite-energy solutions of (1.3) in a bounded domain 2
converge to the set of equilibria as ¢t — oo [19, 20].

The situation is rather different if we work in an unbounded domain such as @ = RV. In
that case, Eq. (1.3) may have travelling wave solutions of the form u(z,t) = v(z — ct) for some
nonzero ¢ € RV [5], and such solutions do not converge uniformly to equilibria as ¢t — co. One
may object that travelling waves do converge to equilibria uniformly on compact sets, but it is
possible to construct more complicated solutions for which convergence to equilibria does not
hold even in that weaker sense, see Example 5.7 below. Moreover, if N > 2, one can exhibit
scalar reaction-diffusion equations of the form dyu = Au + F'(z,u) which have nontrivial time-
periodic solutions [15]. This is in sharp contrast with what happens for gradient systems, but
one should keep in mind that all counter-examples above involve infinite-energy solutions.

When the total energy cannot be used as a Lyapunov function, a natural idea is to exploit
the energy balance equation (1.2) or its differential version (1.1) to obtain relevant information
on the dynamics. In the context of extended dissipative systems, this approach was initiated
in a previous paper by the authors [15], the main conclusions of which can be summarized
as follows. If N < 2, the reaction-diffusion equation (1.3) on R" cannot have any nontrivial
solution such that e(z,Ty) > e(x,Ty) for some Th > Ty and all z € RY; in particular, nontrivial
time-periodic solutions are excluded. Furthermore, all bounded solutions converge on average
(in time), uniformly on compact sets (in space), toward the set of equilibria as ¢ — +o00. In other
words, due to the local energy dissipation law (1.1), Eq. (1.3) retains some dynamical properties
of usual gradient systems, provided N < 2. In contrast, if N > 2, highly non-gradient behaviors



such as nontrivial periodic orbits can occur. The conclusions of [15] also apply to a damped
hyperbolic equation which reduces to (1.3) in the limit of strong damping.

The aim of the present paper is to strengthen and generalize the results of [15]. Instead of
considering a particular equation, we work in an abstract setting, assuming only the local energy
dissipation law (1.1) and an estimate of the form (1.5) for the energy flux. As a consequence, our
results apply to a much larger class of systems, some of which are listed in Section 2. Another
substantial progress with respect to [15] is a new estimate on the time-integrated energy flux
through a closed hypersurface, which we derive in Section 3. This bound allows us to obtain
quantitative versions of the main results in [15]. For instance, in Section 4 we give an explicit
estimate of the energy dissipated in a given domain over a long time interval, and in Section 5 we
measure the fraction of time spent by any relatively compact trajectory outside a neighborhood
of the set of equilibria. As can be expected from [15], our results depend strongly on the
space dimension N, and some of them fail if N > 2. As a final application, we consider in
Section 6 the incompressible Navier-Stokes equation in the two-dimensional cylinder R x T, and
for solutions that are merely bounded we prove some convergence results for the vorticity which
are apparently new in this context.

2 Extended Dissipative Systems

To treat in a unified way various dissipative PDE’s on unbounded domains, we introduce in this
section the notion of an extended dissipative system, which will be studied in the rest of this
paper. We also list a few classical examples which fit into our abstract framework.

Let X be a metrizable topological space. We say that a family (®(¢));>0 of continuous maps
in X is a continuous semiflow on X if

e $(0) = 1 (the identity map);
° (I)(tl + tg) = ‘I)(tl) o ‘I)(tg) for all t1,ts > 0;
e For any 7' > 0, the map (¢,u) — ®(¢)u is continuous from [0,7] x X to X.

In particular, if ug € X, the trajectory u : Ry — X defined by u(t) = ®(t)ug for all
t € Ry =[0,00) is continuous, and u(t) depends continuously on the initial data wg, uniformly
in time on compact intervals. If ®(t)ug = ug for all t > 0, we say that ug € X is an equilibrium
of the system.

As an example, if V(u) = 1(1—u?)?, the reaction-diffusion equation (1.3) defines a continuous
evolution semiflow on the space X = CO(RN) N L>®(RY), if X is equipped with the topology of
uniform convergence on compact sets of R™. More generally, the systems we are interested in are
those for which one can define an energy density e, an energy flux f, and an energy dissipation
rate d with the same properties as in the example (1.3). This leads to the following definition :

Definition 2.1. Let N € N*. We say that a continuous semiflow (®(t))i>0 on a metrizable
space X is an extended dissipative system on RY if one can associate to each uw € X a triple

(e, f,d) with e,d € CO(RY,R) and f € CO(RN,RYN) such that :
(A1) The functions e, f,d depend continuously on u € X, uniformly on compact sets of RY;
(A2) |f|* < ble)d for some nondecreasing function b: R, — R ;
and such that, if the quantities e, f,d are evolved according to the semiflow (®(t))¢>0, the fol-
lowing properties hold :
(A3) Ifd(x,t) =0 for all (z,t) € RN x [0,t0], where ty > 0, then u is an equilibrium;
(A4) The energy balance Ose = divf — d holds in the sense of distributions on RY x R..



Remarks 2.2.

1. The phrasing of Definition 2.1 is a compromize between precision and readability. To elim-
inate all ambiguities, we denote by e,d : X — CO°(RY ,R,) and f : X — C°(RY,R") the
maps which associate to any u € X the energy density e = e(u), the energy flux f = f(u),
and the energy dissipation rate d = d(u). By (A1), these maps are continuous if the target
spaces are equipped with the topology of uniform convergence on compact sets of RV. More-
over, there exists a nondecreasing function b : Ry — R such that, for all u € X, the inequality
If(u)|? < b(e(u))d(u) holds pointwise on RY see (A2). On the other hand, if we fix u € X and
define u(t) = ®(t)u for all ¢ > 0, then the energy balance dye(u(t)) = divf(u(t)) — d(u(t)) holds
in the sense of distributions on RY x R, , where the divergence is taken with respect to the space
variable € RV, see (A4). Finally, if d(u(t)) vanishes identically on RY for all ¢ € [0, ¢,], where
to > 0, then ®(t)u = u for all ¢ > 0, which means that u is an equilibrium, see (A3).

2. More generally, one can define extended dissipative systems on any (unbounded) domain
Q c RY by substituting Q for RV everywhere in Definition 2.1. In that case, one also has to
assume that the energy flux f € C°(Q,RY) satisfies f - v < 0 on 99, where v is the outward
unit normal.

3. We emphasize that, in Definition 2.1, both the energy density e and the energy dissipation
rate d are supposed to be nonnegative. The first condition ensures that the energy density is
bounded from below, and the positivity of d together with the energy balance (1.1) imply that
energy is locally dissipated (and never created) in the system.

4. In assumption (A2), it is understood that the function b : Ry — R, is independent of u € X.
In many examples one can take b(e) = Ce for some positive constant C, as in (1.5), but the
generalization proposed here is necessary if one considers systems such as the nonlinear diffusion
equation (see below) or the two-dimensional vorticity equation (see Section 6).

5. Assumption (A3) means that all trajectories, except equilibria, dissipate some energy. Re-
mark that, if d = 0 on some time interval, then f = 0 by (A2) hence d;e = 0 by (A4), but
we still need (A3) to conclude that the system is at equilibrium. Note also that extended dis-
sipative systems can have equilibria for which d is not identically zero; these may be called
nonequilibrium steady states, in the terminology of Statistical Mechanics. Finally, we mention
that, if one considers systems with a continuous group of symmetries, it may be useful to relax
assumption (A3) so as to allow for a vanishing energy dissipation on relative equilibria of the
system; these are equilibria up to the action of the symmetry group, see the example of the
complex Ginzburg-Landau equation below.

6. To avoid technicalities, we supposed that, for each u € X, the densities e, f,d are continuous
functions on RY. In view of (A1), the time-dependent quantities e(z,t), f(z,t), d(z,t) associated
to the evolved state ®(¢)u are thus jointly continuous in space and time. This implies that the
integrated energy balance equation (1.2) holds for any time interval [T7,73] C R4 and any
smooth bounded domain 2 C RY, and that all four terms in (1.2) depend continuously on the
initial state u € X. These comfortable assumptions are not unrealistic, and can be verified in
all systems listed below if we choose functions spaces of sufficiently high regularity. However,
especially in nonparabolic PDE’s, it is often more convenient to use larger function spaces, in
which (for instance) the energy density is locally integrable but not continuous. In that case,
instead of (Al) and (A4), it is sufficient to require that the energy balance equation (1.2) be
satisfied for any time interval [T7, 73] C R, and any smooth bounded domain 2 C RY, and that
the various quantities in (1.2) depend continuously on the initial data.

Before giving some concrete examples, we emphasize that most of our analysis in the subse-
quent sections uses additional properties of extended dissipative systems that were not included



in Definition 2.1. Two of them are worth mentioning here:

a) Boundedness of the energy density. Our approach relies in an essential way on a lower bound
on the energy dissipation rate in terms of (the square of) the energy flux. Such an estimate
follows from assumption (A2) if we suppose, for instance, that the energy density is uniformly
bounded. Indeed, if 3 is any positive constant larger than b(e(x,t)) for all x € RY and all
t >0, we have d > |f|?/B by (A2), and that inequality allows us to quantify how much energy
is dissipated in the system when the energy flux is not identically zero. Most of the results in
Sections 3 and 4 below apply to extended dissipative systems whose trajectories have uniformly
bounded energy density.

b) Compactness of the trajectories. In Section 5 below, to investigate the long-time behavior of
low-dimensional extended dissipative systems, we shall assume that the trajectories are relatively
compact. In the applications, this requirement can often be fulfilled by endowing the space X
with a sufficiently weak topology. The idea of introducing a weak (or localized) topology to
restore compactness plays an important role in the study of dissipative PDE’s on unbounded
domains, in particular when constructing global attractors [7, 14, 23].

Examples 2.3.
1. A reaction-diffusion equation
We consider again the reaction-diffusion equation (1.3), and specify in which function spaces it
defines an extended dissipative system in the sense of Definition 2.1. There are of course many
possibilities, and we just mention here two reasonable ones. Since we want global solutions
of (1.3), it is natural to assume that the potential V' : R — R, is coercive in some sense.
For instance, we can suppose that «V’(u) > 0 whenever |u| is sufficiently large. Then it is
known that the Cauchy problem for (1.3) is globally well-posed in Cff (RY), the Banach space
of all functions v : RV — R that are bounded and uniformly continuous together with their
derivatives up to order k € N. This means that (1.3) defines a continuous semiflow (®(t)):>0
on X = C']];u(]RN). Moreover, if k£ > 2, the quantities e, f,d introduced in (1.4) satisfy e,d €
CORN Ry), f € CORN,RY), and depend continuously on u € X, uniformly on compact sets
of RY. (In (1.4), it is understood that the time derivative u;, which has no meaning a priori
for a given u € X, should be expressed through (1.3), namely u; = Au — V’(u).) Together with
(1.1) and (1.5), this shows that, if & > 2, the semiflow of (1.3) on X = CF (R") is an extended
dissipative system. In addition, our assumption on the potential V' ensures that all trajectories
have uniformly bounded energy density. Finally, if £ > 2 and if we endow X with the topology
of CO(RY), namely the topology of uniform convergence on compact sets, then all trajectories
are relatively compact and the quantities e, f, d are still continuous functions of u € X.
Instead of CE (RY), another possible choice is the uniformly local Sobolev space HS(RY),
on which (1.3) also defines a continuous semiflow if s > N/2, see [6, 15]. If moreover s > 2+ N/2,
the densities (1.4) are continuous and we again obtain an extended dissipative system whose

trajectories have uniformly bounded energy density, and are relatively compact if we endow X
with the topology of L2 (RV).

loc

2. A strongly damped wave equation [21, 25]
Given o > 0 and a smooth potential V' : R — R, we consider the equation

g + up — aAuy = Au—V'(u) reRY, t>0, (2.1)

where u : RN x Ry — R. This is a semilinear wave equation, which is called strongly damped
when a > 0 and weakly damped if o = 0. As usual, this second-order equation can be written
as a first-order system for the pair (u,u;). For simplicity, we assume that the potential V is
quadratic near infinity, namely V”(u) = m > 0 for all sufficiently large v € R. Then the



initial value problem for Eq. (2.1) is globally well-posed in the uniformly local space X =
H3|(RN) x Hjl_l(RN) if s > N/2. For any pair (u,u;) € X, we introduce the densities
L g

1
e = gui+ i\VuP +V(u) , f = w(Vu+aVu,) , d = u +a|Vu?,

which are well-defined and continuous provided s > 2+ N/2, or s > 1+ N/2 if a = 0. Then (2.1)
implies that the local energy dissipation law (1.1) is satisfied, and a direct calculation shows
that (1.5) holds with C' = 2max(1,«). Finally d = 0 implies uy = 0. Thus the semiflow of
the strongly damped wave equation (2.1) in X is an extended dissipative system in the sense of
Definition 2.1. In the particular case where a = 0, the local dissipation of energy for Eq. (2.1)
was studied in [15].

3. A complex Ginzburg-Landau equation [4, 9, 22]
Our next example originates from the complex Ginzburg-Landau equation

u = (1+i0)Au+u— (1+if)|ufu , reRY, t>0, (2.2)

where u : RN x Ry — C and «, 3 are real parameters. To have a gradient structure, we assume
that 3 = a (see [24]), and we introduce the auxiliary function v(x,t) = wu(z,t)e’®, which
satisfies the equation

v = (1—|—ia)<Av—|—v—|v|20) , reRY, t>0. (2.3)

The Cauchy problem for (2.3) is globally well-posed in the function space X = C']];u(RN ,C) for
k>0or X = H5(RY,C) for s > N/2. If in addition k > 2 or s > 2+ N/2, then for any v € X
the densities

1
4

’Ut\Q
1+a2’

e = SV + 10—, f=Re(wVE), d=
are well-defined and continuous. A direct calculation also shows that (1.1) holds, as well as
(1.5) with C = 2(1 + a?). Thus the semiflow of (2.3) in X is an extended dissipative system
in the sense of Definition 2.1. We also remark that d = 0 if and only if u(z,t) = v(x)e @ for
some v € X, which means that u(-,t) is a relative equilibrium of (2.2): wu(-,t) moves without
dissipation along an orbit of the symmetry group U(1). Thus the semiflow of (2.2) in X is an
extended dissipative system only if assumption (A3) is relaxed as suggested in Remark 2.2.5.

4. The Landau-Lifshitz-Gilbert equation [18]
We now consider a vector-valued PDE appearing in micromagnetism. Given a € R, the Landau-
Lifshitz equation reads

u = —uA (uNAu)+au A Au zeRY, t>0, (2.4)

where u : RN x R, — §% = {v € R?||v| = 1}. Here A denotes the usual cross product in R3. In
particular —u A (u A Au) = Au — u(u - Au) = Au + |Vul?u is the orthogonal projection of Au
onto the plane orthogonal to the direction v € S?, and u A Au is the same vector rotated by 7/2
in the orthogonal plane. The initial value problem for (2.4) is locally well-posed in the space
X =CF (RN) for k> 0 or X = H5(RY) for s > N/2, but in general finite-time singularities are
expected to occur, unlike in the previous examples. To obtain a continuous semiflow (®(¢)):>0,
it is therefore necessary to restrict our space X to a family of global trajectories. Now, if k > 2
or s > 2+ N/2, the densities

3
1
e=gIVu,  f=wVu=)Y Gu)Vu, d=lunduf,
k=1

6



are well-defined and continuous for any v € X, and it is again straightforward to verify that
(1.1) and (1.5) hold with C' = 2(1+a?). Moreover d = 0 implies u A Au = 0, hence u; = 0. Thus
Eq. (2.4) also defines an extended dissipative system in the sense of Definition 2.1, provided we
restrict the space X to a suitable family of global solutions.

5. A nonlinear diffusion equation

To motivate assumption (A2) in Definition 2.1, we also give an example where the relation
between the energy flux and the energy dissipation is more complex than in (1.5). Given a
smooth function a : R — (0, 00), we consider the nonlinear diffusion equation

up = div(a(u)Vu) , zeRY, t>0, (2.5)
which is globally well-posed in the space X = CF (RY) for k > 0 or X = H(RY) for s > N/2.
If k>1ors>1+ N/2, we denote for all u € X :
1
2
Then (1.1) holds, and it is clear that d = 0 implies u; = 0. Moreover |f|?> < 2a(u)ed. Thus, if
we define

e =

f = ua(u)Vu, d = a(u)|Vul? .

b(e) = 2esup{a(u)|u® < 2e} , e>0,

then e — b(e) is increasing and |f|> < b(e)d by construction. Thus (2.5) defines an extended
dissipative system in X in the sense of Definition 2.1.

6. The two-dimensional vorticity equation

As a final example, we consider the vorticity equation associated to the two-dimensional incom-
pressible Navier-Stokes system. In this model, the velocity of the fluid, which is denoted by
u(x,t) € R?, satisfies the incompressibility condition dju; + daus = 0, and the corresponding
vorticity field w = 0yugs — Oouy evolves according to the advection-diffusion equation

Ow+u-Vw = Aw reR?, t>0. (2.6)

If we define the enstrophy density e, the enstrophy flux f, and the enstrophy dissipation rate d
by the formulas

L o
2“7
it is easy to verify that (1.1) is satisfied. Moreover, d = 0 clearly implies that d,w = 0. However,
due to the term %uw2 in the enstrophy flux, it is not possible to obtain here an inequality of
the form f? < b(e)d. Indeed, the velocity u is not a local function of w, and is not known to be
uniformly bounded in time if the initial data uy are merely bounded, see [17, 27, 28]. In addition,
the term %u w? does not contain any derivative of w, hence does not necessarily vanish when
d = 0. This means that enstrophy can (a priori) be transported without any dissipation, whereas
it is essential in our approach that the energy dissipation be bounded from below in terms of the
energy flux. Surprisingly enough, we shall show in Section 6 that these difficulties essentially
disappear if we consider the vorticity equation (2.6) in the infinite cylinder R x T instead of the
whole plane R2. Thus, if we assume periodicity in one space direction, the semiflow of (2.6)
defines a one-dimensional extended dissipative system which (nearly) satisfies the assumptions

in Definition 2.1.

e =

[ = wVw-— %uw2 , d = |Vw*, (2.7)

Remark 2.4. The above list of examples can certainly be made longer, but all extended dissi-
pative systems we are aware of are related somehow to a parabolic equation involving a second
order differential operator. Higher-order systems, such as the Cahn-Hilliard equation, do not fit
into our framework since they require a radical modification of the bound (1.5), which would
affect our results in an essential way.



3 Bounds on the Energy Flux

We now begin our study of the dynamics of extended dissipative systems. Given a continuous
semiflow (®(t));>0 on a metrizable space X satisfying the assumptions of Definition 2.1 for some
N € N*, we consider a trajectory u(t) = ®(t)ug for which the energy density e(z,t) is uniformly
bounded. If we denote

ep = sup e(z,0) < oo, B = sup supb(e(z,t)) < oo, (3.1)
zeRN zeRN 120

where e — b(e) is the nondecreasing function appearing in Definition 2.1, assumption (A2) then
implies
If(z, ) < Bd(z,t), zeRY, t>0. (3.2)

Using only (1.1), (3.2), and the fact that e(z,t) and d(x,t) are nonnegative, we shall derive
a universal bound on the total energy flux through a given hypersurface in RY over the time
interval [0, 7.

We first consider the one-dimensional case N = 1, where our hypersurface is reduced to a
single point. Our main result in this case is:

Proposition 3.1. Assume that N = 1, and let u(t) = ®(t)ug be a trajectory for which the
enerqy density e(x,t) satisfies (3.1). Then for any x € R and any T > 0, we have

‘/OTf(m,t)dt' < \/BTe . (3.3)

Proof. Without loss of generality, we can assume that § > 0. Given any T > 0, we introduce
the integrated energy flux

T
Fi(z,T) = /0 flx,t)dt, reR, (3.4)

which is a continuous function of x € R. Since d,f = 0ie + d by (1.1), we see that Fj is
differentiable with respect to x, and we easily obtain

T T
0 Fy(z,T) = /0 O f(z,t)dt = e(z,T) — e(x,0) +/0 d(xz,t)dt . (3.5)

To estimate the right-hand side from below, we observe that e(x,T") > 0 and e(z,0) < ep. In
addition, using (3.2) and the Cauchy-Schwarz inequality, we find

/Td( t)ydt > 1/Tf( t)2dt > ! Fy(z,T)?
Z, = 5 xT, = — 11\, .
0 B Jo T
Thus F; satisfies the differential inequality
1
0uF(z,T) > —eg+ —F1(z,T)*>, =zecR. (3.6)

BT

If Fy(xo,T) > (8Teg)'/? for some xq € R, it follows from (3.6) that the function z — Fy(z,T)
is strictly increasing for x > xg and blows up at some point x; > xg, which contradicts our
assumptions. Similarly, if Fy(zo,T) < —(8Te)"/?, then Fi(z,T) blows up to —oo at some point
Ty < xg, which is again impossible. Thus we necessarily have |Fj(z,T)| < (8Teg)'/? for all
r € R. U



Remark 3.2. Albeit elementary, Proposition 3.1 has interesting dynamical consequences. For
instance, it immediately implies that an extended dissipative system on R cannot have any
nontrivial time-periodic orbit with uniformly bounded energy density, see [15]. Indeed, for such
a periodic orbit, we can take an interval I = [x1,z9] C R large enough so that the energy
dissipation d(x, t) is not identically zero for = € I. Integrating (3.5) over I, we obtain the energy
balance equation

T2

Fi(zs,T) = Fl(xl,T)—i—/ <e(w,T)—e(x,0)> dm—i—/m /OTd(x,t) dtde . (3.7)

1
By assumption, the last integral in the right-hand side grows linearly in 7" as T' — 0o, whereas
the first integral is uniformly bounded by periodicity and the flux terms are O(T"/?) by (3.3).
Thus (3.7) cannot hold for sufficiently large times.

We next investigate the analog of Proposition 3.1 in the higher-dimensional case N > 2.
Here we consider the energy flux through the boundary of the ball B = {z € RY ||z| < R},
for various values of the radius R. We recall that the Euclidean measure of the sphere dBp is
wy RN where

27TN/2

= —-—F- P = Oj—l - .
N T(N2) and I'(«) /0 t* exp(—t)dt, a>0

Given R > 0 and T > 0, we thus define the integrated flux

T
F(R,T) = / / fz,t) - —dodt, (3.8)
0 Ji|=R |z
which represents the total energy entering the ball Br through the boundary over the time
interval [0,7] (the energy leaving the ball is of course counted negatively).
Before stating our result, we introduce the higher-dimensional analog of the differential
equation (3.6), which (after suitable normalization) becomes

N-1
r

B (r) + h(r) = =1+ h(r)?, r>0. (3.9)

The following elementary result will be established in Section 7.

Lemma 3.3. For any N € N* the differential equation (3.9) has a unique positive solution
hy : (0,400) — (0,400). If N > 2, this solution is strictly decreasing and satisfies

N-1 1
hny(r) = 1+ o +O<ﬁ) as r — 400, (3.10)
and
_ L N=2
rlog(1/r) ! S
hn(r) ~ N as r—0. (3.11)
—2
272 N>3,
,

Moreover, any solution of (3.9) above hy blows up in finite time, and any solution below hy
cannot stay positive. Finally, hy is given by the explicit formula

K (r)

hN(T) = Kﬂfl(r) )

r>0, (3.12)

where K, denotes the modified Bessel function as defined in [1, Section 9.6]. In particular
hi(r) =1 and hs(r) =1+ 1/r for all r > 0.



We are now able to state the main result of this section :

Proposition 3.4. Assume that N > 2, and let u(t) = ®(t)ug be a trajectory for which the
energy density e(x,t) satisfies (3.1) for some ey > 0 and 8 > 0. Then, for any R > 0 and any
T > 0, the integrated energy fluz (3.8) satisfies

% < /BTe hN<R‘/;—;) , (3.13)

where hy is given by (3.12).

Proof. Given T > 0 and R > Ry > 0, we consider the energy balance equation (1.2) in the
spherical shell Q = {z € RV | Ry < |z| < R} over the time interval [0,7]. Using the notation
(3.8) we have

F(R,T) = F(Ry,T) +/ (e(x,T) — e(w,O)) dz + /OT/Q d(z,t)dxdt . (3.14)

Q

In particular, if we differentiate both sides with respect to R, we find

OrF(R,T) = / <e(x,T) —e(x, 0)) do + /OT/sz d(z,t)dodt . (3.15)

|z|=R

To bound the right-hand side from below, we proceed as in the proof of Proposition 3.1. We
first observe that

/ <e(x,T) —e(x,O)) do > —/ eodo = —equyRY L.
lz|=R

lz|=R

Next, applying the Cauchy-Schwarz inequality to (3.8) and using (3.2), we obtain

T T
|F(R,T)|* < wNRN_lT/ / |f(z, 1)) dodt < ﬁTwNRN_l/ / d(z,t)dodt .
0 J|z|=R 0 Jl|z|=R

(3.16)
Thus it follows from (3.15) that F/(R,T) satisfies the differential inequality
_ 1 F(R,T)?
OrF(R,T) > —eqwy RN ’ R>0. 3.17
rREF(R,T) > —eqwn + BTwy RN-1 > ( )

To eliminate all parameters in (3.17), we set

F(R,T) €0
— L = Teg H — .
SNENT BTeq (R1 /ﬁT> ,  R>0

Then the rescaled function H is a solution of the normalized inequality

N-1
H'(r) + TH(r) > —1+H(r)*, r>0,

and can therefore be compared to the solutions of (3.9). In particular, if H(rg) > hy(ro) for
some ro > 0, where hy is given by (3.12), then Lemma 3.3 shows that H(r) blows up at some
point 71 > 79, which contradicts our assumption that the integrated flux (3.8) is well-defined
and continuous for all R > 0. Thus we necessarily have H(r) < hy(r) for all » > 0, and going
back to the original variables this gives inequality (3.13) for all R > 0. O
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Remarks 3.5.

1. The bound (3.13) also holds for NV =1 if we set w; = 2 and h; = 1. It then asserts that the
total energy entering the segment [—R, R| over the time interval [0,7] is bounded from above
by 2(8Teg)'/?. This is of course an immediate consequence of Proposition 3.1.

2. It is also possible to obtain a bound on the energy flux leaving the ball Br over the time
interval [0, T]. For instance, using the energy balance equation (1.2) with 2 = Bg and [T, T3] =
[0, T, we easily obtain the estimate F(R,T) > —wnyR™eo/N, which is uniform in 7.

3. If N =2, it follows from (3.11) that

v BTeg hN(RMg—;J ~ _ 2T as T — +oo . (3.18)

Riog( 25 )

In view of Proposition 3.4, it follows that, for any given R > 0, the integrated flux F(R,T) can
grow at most sub-linearly (like 7'/log(T")) as T' — 4o0. This is enough to preclude the existence
of nontrivial time-periodic solutions in two-dimensional extended dissipative systems, using the
same argument as in Remark 3.2, see also [15]. In contrast, if N > 3, we have

v/ BTeg hN<R1 /;—;) ~ (N — 2)% as T — +o0. (3.19)

In that case F'(R,T) may grow linearly in time as 7" — oo, which is compatible with the existence
of nontrivial time-periodic orbits (see [15] for explicit examples). But such solutions must be
spatially localized, because estimate (3.13) shows that the flux per unit area F'(R,T)/(wy RN 1)
decreases like 1/R as the radius R of the sphere increases to infinity.

4. The right-hand side of (3.13) always decreases to zero as § — 0. On the other hand, it is easy
to verify that the asymptotics (3.18) and (3.19) also hold for a fixed T' > 0 in the limit where
eg — 0. In particular, if N > 3, Proposition 3.4 does not preclude the existence of nontrivial
solutions emerging from initial data with zero energy density.

5. As was mentioned in Remark 2.2.6, when solving a nonlinear PDE it is often convenient to
use a function space for which the energy density is not continuous, but only locally integrable.
Although we do not want to address such technicalities in the present paper, it is perhaps
instructive to see how Proposition 3.4 is modified if we only suppose that the initial energy is
bounded in the uniformly local sense, namely

€y = sup / e(y,0)dy < oo .
z€RN
ly—=z|<1
For simplicity, we still assume that (3.2) holds for some 8 > 0. As in the proof of Proposition 3.4,
we fix R > Rg > 1 and we consider the energy balance equation (3.14) in the spherical shell
Q= {z € RV|Ry < || < R} over the time interval [0,T]. Since the energy density is not
necessarily continuous, we do not differentiate with respect to R, but we bound from below
the right-hand side of (3.14). The main new ingredient is an estimate of the energy initially
contained in 2. Using the definition of €y, we find

/e(:v,()) dz < CNEOUJWN(RN — RY) + dneowyRY 7,
Q

where ¢y, dy are positive constants related to the optimal covering of a (large) ball or sphere
in RY with balls of unit radius [11]. On the other hand, we know that e(z,T) > 0 and we have

11



the lower bound

R P, T
// zt)dedt = // / d(x,t)do drdt > GE 1) dr,  (3.20)
Ro Jjz|=r 5TWN Ry T

which follows from (3.16). Summarizing, if we denote by F(R) the solution of the ODE

1 F(R)?
BTwy RN-1

F,(R) = —éoCNwNRN_l + R > Ry,

with initial data F(Ry) = F(Ry, T)—éydnwyR) !, we deduce from (3.14) that F(R,T) > F(R)
as long as F'(R) > 0. Arguing as before, this leads to the upper bound

F(R,T) _ — CN€o
m < dNeO + v/ CNﬂTeo hN <R /BT s R > 1 s (321)

which replaces (3.13). Note that the asymptotics as T' — oo are still given by (3.18), (3.19).

4 Bounds on the Energy Dissipation

As is clear from the balance equation (1.2), a bound on the amount of energy entering the
ball B = {z € RY||z| < R} over the time interval [0,7] implies an estimate of the energy
dissipated in Bg during the same time, provided the initial energy in Bg is under control. In this
section, we derive various dissipation estimates using the flux bounds established in Section 3.
We also show that, for nonequilibrium solutions of extended dissipative systems on R or R?,
energy dissipation must occur “almost everywhere” in space.

4.1 Energy dissipation in fixed or increasing domains

As in Section 3, we consider a trajectory wu(t) = ®(t)up of an extended dissipative system
satisfying the uniform bounds (3.1) for some ¢y > 0 and 8 > 0. Given R > 0 and T > 0, we
denote by F(R,T) the energy entering the ball B (through the boundary dBpg) over the time
interval [0,7]. This quantity is defined by (3.8) for N > 2, and if N = 1 we set F(R,T) =
Fi(R,T)— Fi1(—R,T), where F} is given by (3.4). Using the energy balance equation (1.2) and
Proposition 3.4, we easily obtain

T
/0 /BR d(z,t)dxdt = F(R,T) + /BR <e(m,0) dz — e(x,T)) dz (4.1)
R /BTeo hy (R \/7) + 5 BVeo. (4.2)

where hy is given by (3.12). Equivalently, if Ay (r) = Nhy(r)/r, we find

wNRN/ /BR (z,8)dzdt < e (hN<R\/;T)+1> , (4.3)

We now investigate a few consequences of the general bound (4.2) or (4.3).

First, we fix R > 0 and consider the limit where 7' — +o00. Using the asymptotics (3.11) for
N > 2 and the fact that hy = 1, we obtain the following result.

IN
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Corollary 4.1. Under the assumptions of Proposition 3.1 or 3.4, the following inequalities hold
for any R > 0.

DIFN =1,
1 T
lim su —/ / d(z,t)dxdt < 2+/Pegp . 4.4
meup 7 [ [ dten Ve (4.9
2) IfN =2,
log(T) [T
lim sup og( )/ / d(z,t)dxdt < 470 . (4.5)
3) If N > 3,
1 (7
limsup—/ / d(z,t)dzdt < B(N —2)wyRN 2. (4.6)
T—o00 T 0 Br

In particular, if N < 2, it follows from (4.4), (4.5) that the energy dissipation in any fixed
ball converges to zero “on average” as time goes to infinity. Since we assumed that energy
dissipation vanishes only on equilibria of the system (see assumption (A3) in Definition 2.1),
these estimates will imply that the trajectory u(t) converges “on average” to the set of equilibria
as t — 00, in a sense that will be specified in Section 5. Observe also that the bounds (4.4) and
(4.5) are independent of the radius R of the ball, whereas (4.5) and (4.6) do not depend on the
initial energy density eg.

It is also instructive to estimate the energy dissipation in a ball whose radius depends on
the observation time T'. In view of (4.3), it is natural to take R = RoVT for some Ry > 0. We
thus find :

Corollary 4.2. Under the assumptions of Proposition 3.1 or 3.4, the following inequality holds
for any N € N*, any Ry >0, and any T > 0

——JX——i/T/ d(z, ) dzdt < e Oi(R1/@>+1> (4.7)
oNRYTNE Jy Jp, O < o { hv(Roy /5 ; .

where hy(r) = Nhy(r)/r.

Observe that the volume of the space-time cylinder Bg x [0,T] is wy N ~'RNT, hence (4.7)
implies that the energy dissipation rate d(z,t) is very small on average on By x [0,T] if T > 1
and R = Rov/T. This remark will be exploited in Section 6, on a particular example, to prove
convergence to equilibria uniformly on large domains (whose size increases with time).

Finally, in the two-dimensional case, it is also useful to consider the energy dissipation on
a ball whose radius R has a slower growth than T2 as T — oo. Obvious possibilities are
R = RT" for v < 1/2, or R = RyT"/?/log(T). This gives the following estimates, which
complement (4.5).

Corollary 4.3. Assume that N = 2. Under the assumptions of Proposition 3.4, the following
inequalities hold :

1) If R(T) = RoT" for some Ry > 0 and some v € [0,1/2), then

log(T) [T 4
limsupm/ / d(z,t)dxdt < L .
T—00 T 0 JBgren 1—2y

2) If R(T) = RyT"/?/log(T) for some Ry > 0, then

T
limsupw/ / d(z,t)dzdt < 275 .
T 0 JBr

T—oc0
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4.2 Ubiquity of energy dissipation

In Section 3, we have seen a first way to exploit the energy relation (1.1) and the flux bound (3.2)
to derive useful information on the dynamics of the system. We now consider the problem from
a somewhat broader perspective. Let u(t) = ®(t)up be a trajectory of an extended dissipative
system in the sense of Definition 2.1, and suppose that the energy flux satisfies (3.2) for some
B > 0. This is the case if the function e — b(e) in assumption (A2) is bounded from above, or
in more general situations if the energy density e(x,t) is uniformly bounded. Given R > 0 and
T > 0, we consider the integrated energy flux F(R,T) defined by (3.8), and we also denote

E(R,T) = /B e(z,T)dz ,  S6E(R,T) = E(R,T)— E(R,0) ,

where as usual Br = {x € RV ||z| < R}. Then it follows from (3.15) and (3.16) that

1 F(R,T)?

F'(R,T) > 6E'(R, T
( ) ) — ( ) )+5TWN RN_l bl

R>0, (4.8)

where ’ denotes here the differentiation with respect to R. Eq. (4.8) is a differential inequality of
Riccati type, which imposes strong constraints on the integrated flux F'(R,T'), especially because
(4.8) has to hold for all values of R > 0.

Unfortunately, the solutions of the Riccati differential equation cannot be written in ex-
plicit form, so in general it is not easy to specify under which conditions (4.8) has global
solutions. However, if simple assumptions are made on the source term dE'(R,T), it is pos-
sible to extract useful information from (4.8). In Section 3, for instance, we assumed that
SE'(R,T) > —wyRN"1eg for some ey > 0, and we obtained as a consequence the upper bound
(3.13). Here we use the same strategy to prove that, if N < 2, the energy difference 0E(R,T)
must be negative for most values of the radius R > 0. Given 1" > 0, denote

Jr = {R > O(E(R,T) > E(R,o)} c (0,00) . (4.9)

The main result of this section is:

Proposition 4.4. Assume that ug € X is not an equilibrium, and that the trajectory u(t) =
O (t)ug satisfies (3.2) for some > 0. Then for any T > 0 we have

% Ly, (r)
/1 rﬁﬂ dr < oo, (4.10)

where 1, is the characteristic function of the set Jr defined in (4.9).

Remark 4.5. Of course, the conclusion of Proposition 4.4 is interesting only if N < 2. If N =1
then (4.10) simply means that the Lebesgue measure of the set Jr C (0,00) is finite. If N = 2

we have
/°° meas(Jp N [1,7]) /OO 17,(r)
dr =
1 1

5 ———dr < o,
r r

which implies (roughly speaking) that meas(J7N[1, R]) = o(R/log(R)) as R — co. In both cases
(4.10) shows that Jr is a very sparse subset of the half-line (0,400), so that E(R,T) < E(R,0)
for most values of R > 0. This considerably strengthens the results obtained (on a particular
example) in [15, Section 2].
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Proof of Proposition 4.4. Fix T" > 0. We start from the energy balance equation (4.1),
namely

F(R,T) = 6E(R,T) +/T/B d(z,t)dedt, R>0. (4.11)
0 R

Since ug € X is not an equilibrium, assumption (A3) in Definition 2.1 implies that the last term
in (4.11) is positive when R > Ry, for some (sufficiently large) R; > 0. If Jr C (0, Ry], then
obviously (4.10) holds. If this is not the case, we choose Ry € Jp N (Ry,+o0) and (4.11) then
implies that F'(Ra,T) > 0. Using (3.20) with Ry = 0, we also have

1 R P(r,T)?
F(R.T) > 6E(R.T =) q . 4.12
(RT) > SBRT) + i [ S5ar. R0 (412)
We now define " )
1 F(r.T
F(R) = Iy Rso.

(BTon? Jy o7

The function F : (0,00) — R is nondecreasing and F(R) > 0 for all R > Ry. Moreover, using
(4.12) and the definition (4.9) of Jr, we easily find

Thus, for all R > Ry, we have

/RIJT(T)dT</R]:’(T)dT: 11 1

N1

and (4.10) follows. O

5 Convergence to the Set of Equilibria

So far we considered a given trajectory u(t) = ®(t)ug of an extended dissipative system, and
assuming that the energy density is uniformly bounded we established precise estimates on the
flux and the dissipation of energy. Now, in the spirit of Remark 3.2, we want to show that
these results impose nontrivial restrictions to the dynamics of the whole system, at least if the
space dimension is not larger than 2. To do that, we often assume that the trajectories under
consideration are relatively compact in our space X. As was already mentioned, compactness is
generally easy to achieve by endowing X with a sufficiently weak topology.

If d(x,t) is the energy dissipation rate for the trajectory u(t) = ®(t)ug, we denote for all
R>0and all T"> 0:

T
D(R,T) = / Ar(u(t))dt, where Ap(u(t)) = / d(z,t)dx . (5.1)
0 Bp
Here, as usual, Bg = {z € R ||z| < R}. By assumption (A1) in Definition 2.1, we know that

D(R,T) depends continuously on the initial data ug in the topology of X.

As a consequence of Corollary 4.1, we first estimate the time spent by the trajectory in a
neighborhood of a nonequilibrium point.
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Proposition 5.1. Consider an extended dissipative system on RN with N < 2. If u € X is not
an equilibrium point, then 4 has a neighborhood V in X such that any trajectory u(t) = ®(t)ug
with uniformly bounded energy density satisfies

T
limsup\pNT(T)/O 1y(u(t))dt < oo, (5.2)

T—o0
where U1(T) = /T, Uy(T) =log(T), and 1y denotes the characteristic function of V C X.

Proof. We proceed as in [15, Section 5.1]. If & € X is not an equilibrium point, then as-
sumption (A3) in Definition 2.1 implies that the trajectory @(t) = ®(¢)u satisfies D(R,Tp) > 0
for some R > 0 and some Ty > 0, where D(R,Ty) denotes the energy dissipation (5.1) for the
solution u(t). By continuity, there exists ¢ > 0 and a neighborhood V of @ in X such that, for
any ug € V, the solution u(t) = ®(t)ug satisfies D(R,Ty) > € > 0, where D(R,T)) is given by
(5.1).

Now, let u(t) = ®(t)up be any trajectory of our system. Using the notation (5.1), we have
forall T > 0:

_/”TO dat > _/ <TO /HTO AR(u(s))ds> dt

—/ 1o(u < /HTO AR(u(s))ds> at > OT Lo(u(t)) dt |

TT,

hence
T TO T+To
/ 1y(u(t))dt < — / d(z,t)dxdt , T7>0.
0 € Jo Br
If we multiply both sides by 1/v/T (if N = 1) or log(T)/T (if N = 2) and take the limit 7" — oo,
we obtain (5.2) using Corollary 4.1. O

Remark 5.2. In [15], the following weaker result was obtained for a particular system: If
N < 2, any nonequilibrium point has a neighborhood V in X such that any trajectory wu(t) with
uniformly bounded energy density satisfies

This of course follows from (5.2), which gives a more precise estimate of the fraction of time
spent by the trajectory wu(t) in the neighborhood V, depending on the space dimension N.

Proposition 5.1 was obtained without any compactness assumption, but we can use it to
prove that all relatively compact trajectories of the system converge in some sense to the set of
equilibria. Indeed, given any such trajectory u(t) = ®(t)ug, we define the omega-limit set

n—o0

wlug) = {u eX ‘ 3t,, — 400 such that u(t,) —— v in X} Cc X. (5.3)

It is known [19] that w(ug) is nonempty, compact, connected, fully invariant under the semi-
flow ®(t), and that distx(u(t),w(up)) — 0 as t — +oo. (Here “fully invariant” means that
O (t)w(ug) = w(ug) for all t > 0.) However, our assumptions do not imply that w(ug) is con-
tained in the set of equilibria. Counter-examples can indeed be constructed even for relatively
simple systems such as the Allen-Cahn equation in one space dimension, see Example 5.7 below.
Motivated by the conclusion of Proposition 5.1, we propose the following alternative definition :
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Definition 5.3. If u(t) = ®(t)ug is a trajectory of an extended dissipative system on RN with
N <2, we define

YN (T
w(ug) = {ﬁ € X‘ lim sup NIE )

T—o00

where U(T) = VT and U5(T) = log(T).

T
/ 1y(u(t))dt = oo for all neighborhoods V' of ﬁ} , (5.4)
0

In other words, w(ug) is the set of points in all neighborhoods of which the trajectory w(t)
spends a “substantial fraction of the total time”. What is exactly meant by “substantial”
depends on the space dimension N, and is specified by the function Wy (7). It is clear from the
definition that w(up) C w(up), and Proposition 5.1 implies that w(ug) is contained in the set
of equilibria of our system, provided the trajectory u(t) has uniformly bounded energy density.
More properties of w(ug) are collected in our final result :

Proposition 5.4. Let u(t) = ®(t)ug be a relatively compact trajectory of an extended dissipative
system on RN, N < 2, with uniformly bounded energy density. Then the set @(ug) C X defined
by (5.4) is nonempty, compact, and contained in the set of equilibria. Moreover, if V is any
neighborhood of w(up) in X, then

Un(T)

lim sup
T—o00

T
/O Lye(u(t)) dt < oo . (5.5)

Proof. We proceed as in [15, Section 5.2]. We first observe that, if I' C X is compact and does
not intersect w(up), then there exists a neighborhood V of I" such that

(1)

T T

lim sup \IIN(T)/ 1p(u(t))dt < limsup LR / 1y(u(t))dt < oo . (5.6)
T—00 T 0 T—o0 0

Indeed, this property holds by definition if I' = {u;} for some u; ¢ ©(up), and the general
case follows by a finite covering argument. Now, if we take for I'" the closure of the trajectory
{u(t) |t > 0}, then T is compact and T} fOT 1p(u(t))dt =1 for all T > 0, which is incompatible
with (5.6). Thus we must have I'N@(ug) # 0, hence in particular @(ug) # (). Moreover, it is clear
from the definition that @(ug) is closed in X and contained in T', hence @(up) is compact. On
the other hand, Proposition 5.1 precisely means that w(ug) is contained in the set of equilibria.
Finally, if V is any open neighborhood of w(ugp) in X, then I' N V¢ is compact and does not
intersect w(ug), hence by (5.6)

Un(T) [T Un(T) [T
lim sup (D) / 1ye(u(t))dt = limsup N(T) / 1yenr(u(t))dt < oo,
T—o0 T 0 T—o0 0
which proves (5.5). O

Remark 5.5. Since w(ug) consists of equilibria, it is obvious that ®(t)w(ug) = w(up) for all
t > 0. In fact, for any relatively compact trajectory of a continuous semiflow on a metrizable
space X, one can prove that the set w(ug) defined by (5.4) is nonempty, compact, and fully
invariant, see [15, Proposition 5.4]. On the other hand the set @(ug), unlike w(ug), is not
connected in general, as can be seen from Example 5.7.

Remark 5.6. Instead of w(up), the following set was defined in [15] (with a different notation) :
1 T
w*(up) = {u* eX ‘ lim sup —/ 1y (u(t))dt > 0 for all neighborhoods V of u*} .
T—o0 T 0

Clearly w*(up) C w(up), hence Proposition 5.4 implies that w*(ug) is contained in the set of
equilibria, as was proved in [15, Proposition 5.4]. It is also known that w*(ugp) # ), which
implies that w(ug) # 0.
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Example 5.7. Under the assumptions of Proposition 5.4, it is not a priori obvious that the usual
omega-limit set (5.3) is not necessarily contained in the set of equilibria. In this respect, the
following example is instructive. We consider the one-dimensional reaction-diffusion equation
(1.3) with the double-well potential V(u) = (1 —u?)?:

o = Putu—u, reR, t>0. (5.7)

This system has three constant steady states: ug = 0 (which is unstable), and uy = £+1 (which
are stable). In addition, there is the “kink” solution

Y(x) = tanh(z/v2) , xR, (5.8)

which connects u_ at * = —oo to uy at x = +o00. It can be shown that ws and the translates
of £ are the only stable steady states of (5.7) in the space of bounded solutions.

Interesting nonequilibrium solutions of (5.7) can be constructed by gluing widely separated
kinks. For instance, if a > 1, the function

Vo) = Yz —a) —(x+a)+ 1, reR,

describes the superposition of a kink v located near x = a and an “anti-kink” —t near z = —a.
This is not an equilibrium of (5.7), but it can be shown that the solution of (5.7) with initial
data V, stays very close to V) for later times, provided the parameter a evolves according to
the exponential law @ ~ —c; exp(—cqa), for some ¢1,cy > 0, see e.g. [8]. This approximation
property remains valid as long as both kinks are widely separated, but when they get close to
each other they “annihilate” and the solution converges uniformly to 1 as t — +o0.

Using these results and a general procedure that can be found e.g. in [13], one can show
that there exists a unique eternal solution w, : R x R — R of (5.7) such that u,(0,0) = 0 and

Sl€1£ |[wy (2,t) — V) ()] = 0, where a(t) > +oo as t— —o0. (5.9)

In fact, one has a(t) ~ ¢, ' log(|t|) as t — —oo. This solution converges uniformly to u; = 1 as
t — +o00, and uniformly on compact sets to u— = —1 as t — —oo. In the topology Tjoc(R) of
uniform convergence on compact sets of R, it follows that u,,(t) realizes a heteroclinic connection
from u_ to uy through the symmetric collapse of a pair of kinks coming from infinity.

Now, using an idea taken from [10], we consider the solution u : R x Ry — R of (5.7) with
initial data wug satisfying

up(z) = (=)™ i by < || < by (5.10)

where (b, )nen is a strictly increasing sequence satisfying by = 0 and by, 11 > b, for all n € N.
Under the evolution of the parabolic equation (5.7), the discontinuities of the initial data are
rapidly smeared out, and replaced by smooth interfaces of the form (5.8), the positions of which
slowly move according to exponential law specified above. In particular, since b; > bg, the pair
of kinks closest to the origin will hardly feel the presence of the other kinks, and will therefore
evolve in time like the solution of (5.7) with initial data V;,. Once the first pair has disappeared,
we are essentially back to the original configuration, with a central pair of kinks that is now
located near +b1. This pair evolves on a much slower time scale, but will eventually come close
to the origin and annihilate, and the same process will continue forever since we started with
infinitely many kinks. Such a coarsening dynamics was studied for instance in [12, 26].

These heuristic considerations lead to the following reasonable conjecture:
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Conjecture 5.8. Let u : R x Ry — R be the solution of (5.7) with initial data (5.10). Then
the omega-limit set of the trajectory (u(t))i>o in the topology Tiee(R) is

() = {uy , u_}U fug(t) | € RYU {—uy(t) | € R} |
where uy = £1 and uy, is the eternal solution of (5.7) defined by (5.9).

If this conjecture is true, then w(ug) consists of two equilibria uy and two heteroclinic
connections between them. Thus w(ug) is a heteroclinic loop, which is not entirely contained in
the set of equilibria. In contrast, for the same solution, the modified omega-limit set introduced
in Definition 5.3 satisfies w(ug) = {u4 , u_}, hence is contained in the set of equilibria. Note
that Proposition 5.1 implies that the number of annihilations of pairs of kinks that can occur in
the time interval [0, T is bounded by Cv/T for large T.

6 The Vorticity Equation in an Infinite Cylinder

In this section we analyze in some detail an interesting example which does not fit exactly into
the framework of Definition 2.1, but can nevertheless be studied using the techniques developed
in Sections 3 to 5. We consider the incompressible Navier-Stokes equation in the infinite cylinder
2 =R x T, where T = R/Z. Points in €2 are denoted by = = (z1,x2), where z; € R is the
“horizontal” and x9 € T the “vertical” variable. Our system reads

u+ (u-V)u = Au—Vp, divu = 0, (6.1)

where v : Q@ xR, — R? denotes the velocity field and p : @ xR, — R the pressure field. For each
t > 0, both quantities u(x1,x2,t), p(x1,z2,t) are assumed to be bounded in Q and 1-periodic
with respect to xo. Since u is divergence free, we have in particular

31/U1(331,5'32,75)d5'32 = /51u1(561,332,t) dzy = —/62u2(a:1,:c2,t)d:c2 =0,
T T T

hence the vertical average of the horizontal speed, which we denote by (u1), does not depend on
the horizontal variable x;. As is explained in [2, 16], it then follows from (6.1) that 0;(u;) = 0,
so that (u;) is a constant which can be set to zero by an appropriate Galilean transformation.
Thus, without loss of generality, we can assume that

(s, x9,t) = < 0 >+<ﬂ1($1’x2’t)> . (mLae) €Q, >0, (6.2)

m(xl,t) ﬁg(.%’l,.%'z,t)

where m = (uz). By construction, we then have (1) = (G2) = 0.
In addition to (6.1), we shall study the evolution equation for the vorticity w = dyus — dous.
In view of (6.2), we have

w(r1,w2,t) = Orm(z1,t) + o(z1, 22,1) | (x1,22) €Q, t>0,

where Oym = (w) and @ = d1Ug — O21y. It is important to realize here that, since we want to
consider solutions of (6.1) which do not necessarily decay to zero as |z1| — oo, the velocity field
u is not entirely determined by the vorticity w. More precisely, one can show that the oscillating
part @ of the velocity field is given by a Biot-Savart formula:

Wz, x2,t) = / /VLK(M —y1, T2 — Y2)@(y1,y2,t) dy2 dyp , (6.3)
RJT
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where V+ = (=0, 0) and

1
K(x1,29) = yy log(2 cosh(2mxy) — 2008(271’.%’2)) - ‘3;—1’ , (x1,22) € Q (6.4)

see [2]. However, the vertical average m = (ug) cannot be completely expressed in terms of the

vorticity, and we only know that 9;ym = (w). The following estimates will be useful.

Lemma 6.1. There exists a constant Cy > 0 such that, for any w € L>(Q), the velocity field 4
defined by (6.3) satisfies

lalle) < Crllwlzeq) - (6.5)
Moreover, we have 41 = —09v for some v € L*°(Q)), and there exists Cy > 0 such that
1/2
[vlpee @) < C2 esss%ép </ w(zy, z2)? dx2> < 2Cs||w||poe () - (6.6)
HARS] T

Proof. Here and below we denote by * the convolution on  (considered as an additive group).
As is easily verified, the function K defined by (6.4) satisfies VK € L(Q2), hence

[l zooi) = IVTK * @l o) < VK] pioll@lle@) < 2IVE L@ lwllze@) -

Similarly, one can check that K € L'(2) and

My = / sup |K(z1,x2)|dz; < oo .
R 22€T

Thus, if we define v = K *@, we have 4y = —02v by (6.3) and a standard calculation shows that

HUH%OO(Q) < Mo||K|| 10 esssup/d;(ml,@)? dzg ,
r1ER T

which gives the desired result since de;(xl, 29)? dzy < fTW($1, 72)? ds. O

Instead of the Navier-Stokes equation (6.1), we now consider the evolution system satisfied
by the vorticity w and the average speed m = (uz). As in [2] we obtain

(6.7)

Oym + 01 (u1ts) = FPm 1 €R
Ow+u-Vw = Aw , (x1,m2) € Q.

Here it is understood that u is given by (6.2), where 1, Gg are obtained from w via (6.3). Note
that system (6.7) is somewhat redundant, because the horizontal derivative of the first equation
is the vertical average of the second one, but as is explained above it is not possible to get rid
completely of the first equation. Given a solution of (6.7), we define for all 7 € R and ¢t > 0:

1
e(xy,t) = —/w(xl,xg,t)z dzg ,
2 Jr
1 2 2
flxy,t) = 3 (alw —uw )(:cl,:vg,t) dzg , (6.8)
T
d(zy,t) = /|Vw(:v1,:c2,t)|2dx2.
T

In agreement with the general terminology used in this paper, we shall call e the energy density,
f the energy flux, and d the energy dissipation rate, although the term “enstrophy” would
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certainly be more appropriate than “energy” in the present context. Using (6.7), it is easy to
verify that the quantities (6.8) satisfy dse = 91 f — d, which is the one-dimensional version of
(1.1). On the other hand, if d = 0, then certainly djw =0 and & = w — (w) = 0. Then @ = 0 by
(6.3), and since 9?m = 91 {w) = 0 it follows from (6.7) that 9ym = 0 too. Thus d = 0 only for
equilibria of system (6.7). Finally, we have the following estimate for the energy flux:

Lemma 6.2. There exists a constant C3 > 0 such that

1f(z1)]? < C3 (1 + sup e(y1)>e(x1)d(x1) , forall x; €R. (6.9)
y1€ER

Proof. We fix ;1 € R and consider both terms in (6.8) separately. First, using the Cauchy-
Schwarz inequality, we easily find

%‘/8&;2 de‘ = ‘/w@lwdxg‘ < (26)1/2d1/2.
T T

On the other hand, since u; = 4 = —dv by Lemma 6.1, we have

1 1
—/u1w2 dzy = ——/(82v)w2 dry = /vwﬁgw dxs |
2 )t 2 )7 T

hence using (6.6) we conclude

1
‘§/u1w2 dxg‘ < HUHLOO(Q)(Q@)I/2d1/2 < 20 sup e(y)/2 ' 2dV?
T y1ER

Combining both estimates we obtain (6.9). O
The Cauchy problem for Eq. (6.1) is globally well-posed in the Banach space
X = {u € CP,(Q)? ‘ divu = 0} ,

equipped with the L norm, see [2, 16, 17, 27, 28]. If u(t) is the solution of (6.1) with initial data
ug € X, it is known that ||u(t)| z~ cannot grow faster than t'/2 as t — oo, see [2] and Eq. (6.10)
below. Using the techniques developed in the present paper, it is possible to improve that
estimate and to get some qualitative information on the long-time behavior of the velocity u(t), in
the spirit of the results of Sections 4 and 5, see [16]. Here our goal is to perform a similar study at
the level of the vorticity w(t), which is somewhat simpler to analyze. Without loss of generality,
we assume that the initial vorticity wy = curlug is bounded, and we denote M = |lwpl| . Since
w(t) evolves according to the advection-diffusion equation (6.7), the maximum principle implies
that ||w(t)||re < M for all ¢ > 0. It then follows from (6.5) that ||G(t)|| L < C1M for all ¢ > 0,
so that the oscillating part of the velocity is under control. On the other hand, if we apply
Duhamel’s formula to the first equation in (6.7), we obtain

t
m(t) = e mg — / 01t 4 (s)an(s)ds ,  £> 0,
0

where mo = m(0) is the vertical average of the initial speed ug. The uniform bound on 4(t) thus
implies

"))z 2V

mi(t)||pe < [|mollp= + | ——=E= ds < ||mol|p~ + —= CZM? t>0, 6.10
[m1 ()|l [mollz 0 V- [mollz i (6.10)

i3
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hence |[u(t)||pe < [[@(t)]| e + |m(t)| e < C(1+ t)/2, as already announced.
Under our assumptions, the energy density and the energy flux defined by (6.8) satisfy the
uniform bounds e(x1,t) < ep and f(z1,t)? < Bd(x1,t), where

1
ey = inoH%w , and B = Csep(1+ep) , (6.11)

see Lemma 6.2. Thus we are exactly in position to apply the results of Sections 3 and 4. In
particular, using (4.2) with N = 1, we obtain :

Proposition 6.3. If the initial vorticity is bounded, the solution of (6.7) satisfies, for all T > 0
and all R > 0,

T rR
/ / /|Vw(x1,x2,t)|2dx2dx1dt < 24/pBTey+ 2Rey , (6.12)
0 —-RJT

where ey, B are given by (6.11).

Proceeding as in Section 5, one can then use (6.12) to show that the vorticity w(zy,x2,t)
converges uniformly on compact subdomains toward the set of equilibria

£ = {w € cgu(sz)(vw;o, | < \|w0||Loo} .

More precisely, adapting Proposition 5.4 to the present situation, we infer that, if V is any
neighborhood of £ C X in the topology of C*(Q), the fraction of the time interval [0, T] spent
by the trajectory w(t) outside V does not grow faster than CTY? as T — oo. This already
gives valuable information on the solutions of (6.7), but combining (6.12) with further a priori
estimates one can obtain a stronger and more precise conclusion. In what follows, we assume
that the solution of (6.7) under consideration satisfies

sup / |0%yw (21, z9,t) > dzy < ME and sup |m(z1,t)| < My(1+1)7 (6.13)
z1€ERJT r1€ER

for all ¢ > 0, where M;, My > 0 and 8 € [0,1/2]. The first estimate in (6.13) is verified for all
t > 1 by any bounded solution of the vorticity equation, due to parabolic regularization, and
the second estimate with 8 = 1/2 is just (6.10). In fact, it is possible to show that (6.13) always
holds with 5 = 1/6, see [16].

Proposition 6.4. Consider a solution of (6.7) with bounded initial data such that (6.13) holds
for some 5 €[0,1/2]. If B < a < 1/2, there exists a constant Ky > 0 such that, for any T > 1,

meas{t € 10,7

Ko 1/2
sup sup |w(x1,x2,t)| = 7} < KOTa+/ ) 6.14
|z | <T (o 26)/3 :BQGT‘ ( ) T(a=p)/3 ( )

Remark 6.5. Estimate (6.14) is useful especially when § < o < 1/2. It then shows that the
vorticity w(z1,x9,t) converges uniformly to zero on subdomains of size O(t(@+20)/3) at a rate
comparable to t~(@=8)/3_except for possible excursions whose probability density decays roughly
like t*~1/2 as t — co. The fact that w converges to zero, and not to a nonzero constant w, can
be understood as follows. If w(z1,x2,t) = w # 0 on a sufficiently large spatial domain, then
Oym = (w) = w for x; in a large interval, and this is compatible with the assumed upper bound
(6.13) only if w is small enough. Thus, in the particular case of equation (6.7) with bounded
initial data for w and m, the omega-limit set “on average” as defined in Remark 5.6 consists of
a single point.
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Proof of Proposition 6.4. Applying (6.12) with R = /T, we see that there exists Cy > 0
such that

T VT
/ / /\Vw(xl,xg,t)\Q drodrydt < CyVT
0o J—vTJT

for all "> 1. Given « € [0,1/2], we define

vT 1
Jo(T) =<t e [O,T]‘ /ﬁ/jr\Vw(ml,xg,t)IQdmgdxl > Ta( C [0,77] .

It follows from (6.15) that meas(Jo(T)) < C4T*+/2, for all T > 1. Our goal is to give a uniform
bound on the vorticity w(z1,x2,t) on a large spatial domain for all ¢ € [0,T] \ Ju(T).

T
We observe that |w(z1,x2,t)| < |g(x1,t)] + h(z1,t) for all (x1,22) € Q and all ¢t € [0,T7,
where

(6.15)

1/2
g(x1,t) = /w(ml,xg,t) dzy and h(zy,t) = (/ |Oow (21, 9, 1)) dmg) .
T T

We first bound the average g = (w). If L < /T and t € [0,7T] \ Jo(T), we have

L L

1
/ 01g(z1,t)> day < / /falw(xhxzat)\Q drodr) < — . (6.16)
-L —rJT re

Furthermore, we know that g = dym, where m(x1,t) satisfies (6.13) for some g € [0,1/2]. Using
(6.13), (6.16) and Lemma 6.6 below, we thus obtain

CsT?  (2L)'/?

sup ’g(xlvt)‘ < I + Taj/2z te [OvT]\JOé(T) )

21| <L o

for some Cs > 0. If we now choose L = T(@+28)/3 < T1/2 we arrive at

o C
sup{lg(an, 0) | [on] < TOP Y < 8 He 0TI\ (D), (617)

for some Cg > 0.

On the other hand, we know that ffL h(z1,t)2dzy < T~ when t € [0,7] \ Jo(T). In
addition, it follows from (6.13) that

1/2
O1h(z1,t)] < (/ e, t)Pdas) < My, m€R, te0,T].
T
Thus Lemma 6.7 below implies that
1/3
M, 1 Cr
sup [l 1)] < Cmax( s Tarars) = mem e tEOTNL(@) . (6.18)
for some C7 > 0. Combining (6.17), (6.18) we obtain
Cs Cr Cs
sup sup |w(x1,x2,t)| < sup x1, )|+ sup |h(z1,t)| < + < )
|1 |<L mzeT‘ ( ) o1 |<L lo(1, ) mm‘ (#1,)] T(=B)/3 "~ Te/3 = T(a=h)/3

for all t € [0,T]\ Jo(T). Since L = T@+28)/3 and meas(J,(T)) < C,T*+/2, this gives (6.14).
(]

Finally, we state and prove two elementary interpolation lemmas which were used in the
argument above.
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Lemma 6.6. Assume that g € C1([0, L]) satisfies

/OLg/(x)de <e, and ‘/OLg(x)dx‘ < M.

M
Then sup |g(z)| < T + (Le)Y/2.

0<z<L o

Proof. We decompose g(z) = g + h(z), where g = L™! fOLg(y) dy. Since h has zero mean over
[0, L], there exists xo € [0, L] such that h(xg) = 0. For all z € [0, L], we thus have

T x 1/2
@) = | [ W] < lo—wo ([ wera)” < @
o o
Since |g| < M/L by assumption, we obtain the desired result. O

Lemma 6.7. Assume that h € C'([0, L]) satisfies

L
/ h(z)*dz < e, and sup | (z)] < M .
0 0<z<L

Then sup |h(z)| < maX((?)ME)l/Ba (36/L)1/2>-
0<a<L

Proof. If zy € [0, L] is a point where |h(x)| is maximal, we have
[h(x)] = NIhllpe = M|z — x| , 2z €[0,L],

where ||h||Le = sup{|h(z)||0 < z < L}. By straightforward calculations, we thus find

L 2 1 ] 2
€ > ; (HhHLoo —M]x—x()])erx > §m1n< T HhHLooL) )

This gives the desired result. O

7 Appendix: Proof of Lemma 3.3

In this final section, we study the positive solutions of the ordinary differential equation

B (r) + #h(r) = h(r)2 -1, r>0, (7.1)

and we prove Lemma 3.3. All arguments are quite standard, and are reproduced here for the
reader’s convenience. Although the unique positive solution of (7.1) is given by an explicit
formula which can be found using a Cole-Hopf transformation, we find it more instructive to
prove the first part of Lemma 3.3, including the asymptotics (3.10) and (3.11), without using
this explicit representation, which will be derived only at the end. We proceed in several steps:

1. Construction of the stable manifold. The nonautonomous ODE (7.1) has an asymptotic
equilibrium A = 1 at r = 400, with a one-dimensional stable manifold which contains precisely
the solution Ay we are looking for. To construct the stable manifold, we set

N-1

h(?“) =1+ 7 + g(?") s (72)
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and obtain for g the ODE

(N-1)(N-3)

g(r) = 2g(r) +g(r)* - 1 (7.3)

As is easily seen, any solution of (7.3) that stays bounded as r — +oo satisfies the integral

equation
g(r) = / e2(r=s) <(N_14)# —g(s)2> ds . (7.4)

Now, fix R € (0,1) and take ry > 0 large enough so that |(N—1)(N—3)| < 4Rr3. Tt is then
straightforward to verify that the right-hand side of (7.4) defines a strict contraction in the
closed ball

Byo(R) = {g € C%(ro,+00))

sup [g(r)| < R} .

r>7r0

hence has a unique fixed point gy € B,,(R) which, by construction, is a solution of (7.3) for
r > rg. Since gy satisfies (7.4), it is clear that gy (r) — 0 as 7 — oco. Thus defining

N-1
hy(r) = 1+ o +gn(r) rT>rg, (7.5)
we see that hy satisfies (7.1) and hy(r) — 1 as r — oo. By construction hy is the unique

solution of (7.1) that converges to 1 as r — +o0.

Remark 7.1. If N =1 or N = 3, it is clear from (7.4) that gy = 0, so that hi(r) = 1 and
hs(r)=14+1/r.

2. Asymptotic behavior as r — +oo. Using (7.4), we easily find

N-1)(N-3 1
QN(T)Z(S)%%—O(T—?)), as r — —+00.

Thus (3.10) holds, and in view of (7.3) we also have gi (r) = O(r=3) as r — 400, so that

N-1 1
hy(r) = — 53 +O(ﬁ> , as r — 400 .

If N > 2, this shows that h/\(r) < 0 for r > 0 sufficiently large.

3. Global monotonicity. We assume from now on that N > 2. Solving (7.1) backwards, we
construct (for some 7, > 0) a maximal solution Ay : (7, 4+00) — R which coincides with (7.5)
for r > r9. We claim that h/y(r) < 0 for all » > r,. Indeed, assume on the contrary that there
exists 7 > r, such that hj,(7) = 0 and h/y(r) < 0 for all r > 7. Then

N-1

77

N-1
772

Wi(r) = (2hw(7) V() + == (7) > 0,

because Iy (7) = 0 and hy(7) > 1. This implies that A\ (r) > 0 for » > 7 close enough to 7, in
contradiction with the definition of 7. Thus h/y(r) < 0 for all r > r,, and using (7.1) we deduce

N-1 (N—1)2
/1

1 h
< N(T) < I 47.2

forall r>r,. (7.6)

This estimate shows in particular that hy cannot blow up at a finite point r > 0, hence we
necessarily have r, = 0 and 'y (r) < 0 for all r > 0.
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4. Asymptotic behavior as v — 0. Setting fy = 1/hy we obtain the ODE

N-1
) = X )+ o -1, r>0,
which is very similar to (7.1). In particular, we have

r

N-1 ! N-1 2
() = NN () +/ () a-fuHds,  o<r<i. (7.7)
A direct study of (7.7) gives the following asymptotic expansion as r — 0:
1 o/ 1\2
fa(r) = rlog—+Cr+ (’)(r (log —) ) for some C' € R,
r r

whereas f3(r) =r/(1+r) and

fa(r) = g+0<r310g %) , In(r) = NT_Q +0(r%) if N>5.

Since hy = 1/ fn, this proves (3.11).

5. Uniqueness and threshold behavior. We first study the solutions of (7.1) that lie above hy.
Assume that h is a solution of (7.1) such that h(r1) > hy(r1) for some r; > 0. In particular, we
have that h(r) > hy(r) > 1 for all > ry. If A'(r) < 0 for all » > rq1, then h(r) converges to some
limit # > 1 as » — 400, and using (7.1) we easily see that £2 = 1, hence £ = 1. This implies that
the function g(r) defined by (7.2) is small for sufficiently large » > 0 and satisfies the integral
equation (7.4), hence coincides with gn(r), which is of course impossible since g(r1) > gn(r1).
Thus there must exist ro > 71 such that h(re) > hy(re) and A/(r2) > 0. If we now choose
rg > 19 so that h'(r) > 0 for all r € [ry, 73], we have on that interval h(r) > (N—1)/(2r), hence

h(r) > 0 <r<rs.
" = (r) , ro <r<rsg

N-1 N-1
h"(r) = h'(r) <2h(7") — > +
This argument shows that h(r) is convex for r > ry, and blows up at some finite point 7* > ro.
Indeed, if h(r) was defined for all » > ry, the convexity would imply that h(r) — +oo as
r — +00, so that h would satisfy the differential inequality h'(r) > %h(r)2 for all sufficiently
large r, which is impossible because this inequality has no global positive solutions.

We next consider solutions of (7.1) that lie below hy. Assume that h is a solution of (7.1)
such that 0 < h(r1) < hy(r1) for some r1 > 0, so that h(r) < hy(r) for all » > r;. If h(r) >0
for all r > 71, we have h/(r) < 0 for all » > ry, hence h(r) converges to some limit ¢ € [0,1] as
r — +o00. But the same arguments as above show that £2 = 1 and ¢ # 1, which is a contradiction.
So the solution h(r) must necessarily change sign for r > ry.

It follows in particular that hpy is the unique positive solution of (7.1) that is defined for all
r > 0.

6. Euplicit representation. Let u(r) = exp(— [{ hn(s)ds). Then u solves the second order linear

ODE
N -1

u”(r) + u'(r) = u(r), r>0,

and u(r) decays exponentially to zero as r — +o00. Setting v =1 — N/2 and u(r) = r’v(r), we
obtain for v the differential equation

rzv”(r) + 7' (r) — (7“2 + 1/2)2}(7‘) =0, r>0,
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which defines the modified Bessel functions, see [1, Eq. 9.6.1]. Since v(r) decays exponentially
as r — 400, we must have v(r) = CK,(r) for some C > 0, see [1, Section 9.7]. Thus u(r) =
CrYK,(r), and using [1, Eq. 9.6.28] we also find «'(r) = —Cr"K,_1(r). Since K_,(r) = K, (r)
by [1, Eq. 9.6.6], we conclude that

() Kya(r) K%(T)
hN(T) — u(r) - Kl,(’l“) — K%,l(T) )

r>0,

which proves (3.12). The proof of Lemma 3.3 is now complete. O
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