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ABSTRACT. This paper is dedicated to providing new tools and methods
for studying the trend to equilibrium of gradient flows in metric spaces
(9, d) in the entropy and metric sense, to establish decay rates, finite time
of extinction, and to characterize Lyapunov stable equilibrium points. More
precisely, our main results are.

e Introduction of a gradient inequality in the metric space framework,
which in the Euclidean space RY is due to Lojasiewicz [Editions du
C.N.R.S., 87-89, Paris, 1963] and Kurdyka [Ann. Inst. Fourier, 48
(3), 769-783, 1998|.

e Establish trend to equilibrium in the entropy and metric sense of gra-
dient flows generated by a functional £ : I — (—o0, +00] satisfying a
Kurdyka-Lojasiewicz inequality in a neighborhood of an equilibrium
point of €. In particular, sufficient conditions are given implying
decay rates and finite time of extinction of gradient flows.

e Construction of a talweg curve in 9 with an optimal growth function
yielding the validity of a Kurdyka-Lojasiewicz inequality.

e Characterize Lyapunov stable equilibrium points of energy function-
als satisfying a Kurdyka-Lojasiewicz inequality near such points.

e Characterization of the entropy-entropy production inequality with
the Kurdyka-Lojasiewicz inequality near equilibrium points of €.

As an application of these results, the following results are established.

e New upper bounds on the extinction time of gradient flows associated
with the total variational flow.

e If the metric space 9 is the p-Wasserstein space P, (RN)7 1<p<oo,
then new HWI-, Talagrand-, and logarithmic Sobolev inequalities are
obtained for functionals £ associated with nonlinear diffusion prob-
lems modeling drift, potential and interaction phenomena.

It is shown that these inequalities are equivalent to the Kurdyka-
Lojasiewicz inequality and so, imply trend to equilibrium of the gra-
dient flows of £ with decay rates or arrive in finite time.
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1. INTRODUCTION

The long-time asymptotic behavior of gradient flows is one fundamental
task in the study of gradient systems and often studied separately from well-
posedness. Given a metric space (I, d), we call a curve v a gradient flow
in O if there is an energy functional £ : M — (—oo, +00] such that v is a
2-curve of mazimal slope of € ([7], see Definition 2.12); in brief, v : [0, +00) —
M is locally absolutely continuous with metric derivative |v'| € L (0, +00)
(see Definition 2.5), £ow is locally absolutely continuous, and there is a second

functional g : 9 — [0, +o0] called strong upper gradient of £ satisfying

d
SE()

(see Definition 2.8) and such that energy dissipation inequality

< g(v(t)) |v'|(¢) for a.e. t >0,

(1.1) %E(U(t)) < —%|v'|2(t) _ %QQ(v(t)) holds for a.e. ¢ > 0.

This general notion of gradient flows in metric spaces is consistent with
the notion of strong solutions of gradient systems in the Hilbert spaces frame-
work (developed in [19], cf [7, Corollary 1.4.2]):

(1.2) V() +0E(v(t)) 20  fort >0,

where OE is a sub-differential operator of a semi-convex, proper, lower semi-
continuous functional £ on a Hilbert space (see Section 4.1).

Since the pioneering work [43] by Jordan, Kinderlehrer and Otto, we know
that solutions of some diffusion equations for probability distributions can also
be derived as gradient flows of a given functional £ with respect to a differential
structure induced by the p-Wasserstein space (P, (M), W),). Thus, we call this
setting the metric space framework (see also [60, 7] and Section 4.2).
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While for the Hilbert space framework, an extensive literature on determin-
ing the long-time asymptotic behavior of gradients flows already exists (for
instance, see [39, 38] and references therein), it seems that the methods avail-
able for the metric space framework (cf, for instance, [12] or [(1]) are mainly
based on the idea in establishing global entropy (entropy production/transport)
inequalities.

Before passing to the main results of this article, we review the concept
of the classical entropy method as it is used, for instance, in studying the
convergence to equilibrium of solutions of kinetic equations as the Boltzmann
or Fokker-Planck equation (cf [12, §3], [59], [60, §9], or [21, 52, G1]). This
will reveal the connection of the famous entropy-entropy production inequal-
ity (see (1.3) below) and the Kurdyka-Lojasiewicz-Simon inequality (see (1.6)
below), which is the main object of this paper.

With the task to determine the asymptotic behavior for large time of gra-
dient flows, the following three problems arise naturally.

(I) Does every gradient flow v(¢) trend to an equilibrium ¢ of £ as t — +o0?
(IT) In which sense or topology the trend of v(t) to ¢ holds as t — +o00?
(III) What is the decay rate of d(v(t), ) as t — +o00?

Due to inequality (1.1), £ is a Lyapunov functional of each of its gradient
flow curve v, that is, £ o v is monotonically decreasing [0, +00). In addition, if
& and g are both lower semicontinuous on M, then &£ is even a strict Lyapunov
functional, that is, the condition £ o v = const. on [tg, +00) for some ty > 0
implies that v = const. on [tg, +00) (cf Proposition 2.38) and so, the w-limit set

w(v) == {gp € im‘ there is ¢, T +00 s.t. nl;rrgo d(v(tn), ) = 0}

is contained in the set E, := g1 ({0}) of equilibrium points of € with respect
to the strong upper gradient g (see Definition 2.36). Therefore, Problem (I)
is positively answered.

Given that the strict Lyapunov functional £ of a gradient flow v attains
an equilibrium point at ¢ € w(v), one possibility to measure the discrepancy
between v and the equilibrium ¢ is given by relative entropy

E(u(t)lp) == E(v(t)) — E(p) = 0.

Thus concerning Problem (II), there are two types of trend to equilibrium;
namely the following (weaker type)

(1) Trend to equilibrium in the entropy sense; a gradient flow v of £ is
said to trend to equilibrium ¢ in the entropy sense if

E(w(t)|g) =0 as t — 400,

and the (stronger type)

(2) Trend to equilibrium in the metric sense: a gradient flow v is said
to trend to equilibrium ¢ of € in the metric sense if

Jim_d(u(t), ) = 0.

Now, the classical entropy method suggests to find a strictly increasing func-
tion ® € C([0,+00)) satisfying ®(0) = 0 such that & satisfies a (global)
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entropy-entropy production/dissipation (EEP-)inequality
(1.3) D(v) > ®(E(vlp))

for all v € D(€) at an equilibrium point ¢. Here, the map D : 9 — [0, +o0]
is called the entropy production functional and satisfies

(1.4) D(v(t)) = —%E(v(t)) ~R0t)  fort>0

for every gradient flow v of £ with strong upper gradient g (cf Proposition 2.16
in Section 2.3 below). Combining (1.3) with (1.4), rearranging and then inte-
grating the resulting inequality yields for each curve v generated by £ trend
to equilibrium ¢ in the entropy sense.

If the function ® in (1.3) is known, then the entropy method has certainly
the advantage that EEP-inequality (1.3) provides decay rates (Problem (III))
to the trend to equilibrium in the entropy sense. For instance, if ® is linear,
that is, ®(s) = As, (s > 0, A > 0), then EEP-inequality (1.3) implies expo-
nential decay rates and if ® is polynomial ®(s) = Ks'*®, (a € (0,1), K > 0),
then EEP-inequality (1.3) implies that £(v(t)|¢) decays to 0 at least like ¢~/
(polynomial decay).

On the other hand, the existence of a ® such that £ satisfies a (global)
EEP-inequality (1.3), requires in both the Hilbert and metric space framework
additional rather strong conditions on &; for instance, if £ is defined on the
Hilbert space L2(€2), (where Q C R is a smooth open domain with a smooth
boundary), then a Poincaré-Sobolev inequality associated with & leads to EEP-
inequality (1.3) (see Section 4.1.1), or if for some A > 0, £ is A-geodesically
convez on the p-Wasserstein space P,(£2) (see Definition 2.22).

Now, to obtain trend to equilibrium in the metric sense, an entropy-
transportation (ET-)inequality

(1.5) d(v, ) <U(E(lp)),  (ve D(E)),

can be very useful (see, for instance, [22, 60] or [3]), where ¥ € C[0, +00) is a
strictly increasing function satisfying W(0) = 0. If ® and ¥ are known, then
decay estimates to the trend to equilibrium in the metric sense can be derived
by combining the two inequalities (1.3) and (1.5).

However, there are many important examples of functionals £ that do not
satisfy a global EEP-inequality (1.3) (see, for instance, [52, Theorem 2, p 21]
or [61, p 98]). In particular, if £ is not A-geodesically convex for a A > 0,
then it might not have a unique global equilibrium point. But the study of
trend to equilibrium of gradient flows generated by this class of functionals
remain important (open) problems and requires more sophisticated tools and
arguments.

Our approach to attack the above mentioned problems is via a functional
inequality, which in the Hilbert space framework is known as the Kurdyka-
Lojasiewicz (KL-)inequality: a proper functional £ : M — (—o0, +0o0]
with strong upper gradient g and equilibrium point ¢ € D(E) is said to
satisfy a Kurdyka-Lojasiewicz inequality on a set U C g~ 1((0,+00)) N {v €
M| 0’ (E(|p)) > 0} if there is a strictly increasing function 6 € I/Vllocl (R) satis-
fying 6(0) = 0 such that

(1.6) 0 (E(vlp)) glv) > 1 for all v € U.
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Since in the literature, EEP-inequality (1.3) is rather used from the com-
munity studying kinetic equations, while Kurdyka-Lojasiewicz inequality (1.6)
is rather familiar for communities from algebraic geometry classifying singu-
larities of manifolds or by groups studying evolution equations which can be
written in a Hilbert space setting, it is important to stress that both com-
munities actually work with the same inequality. To see this, recall that in
the metric space framework, the entropy production functional D of a proper
functional & : MM — (—o0, +00] with strong upper gradient g is given by (1.4),
which in applications g, is usually given by the descending slope |D~&]| of &
(see Definition 2.23). Thus, if # satisfies, in addition, that § € C1((0, +o0))
and limg_,o4 0'(s) = 400, then

KL-inequality (1.6) is, in fact, EEP-inequality (1.3) for ®(s) := W.

In the pioneering works [16, 17], Lojasiewicz showed that every real-analytic
energy functional £ : U — R defined on a open subset &/ C R satisfies near
each equilibrium point ¢ € U a Lojasiewicz (L-)inequality

(1.7)  [E@|Q)|F* < C||VEW) gy forallv e Uy :={v e U ||v — ¢| <7}

for some exponent o € (0,1/2] and r > 0. In these two papers, Lojasiewicz de-
veloped a method proving that the (local) validity of gradient inequality (1.7)
in a neighborhood U, of p is sufficient for establishing convergence to equi-
librium in the metric sense. Simon [54] was the first who made Lojasiewicz’s
gradient-inequality (1.7) available for evolution problems formulated in an
infinite dimensional Hilbert space framework and generalized Lojasiewicz’s
method. As an application, Simon established the long-time convergence in
the metric sense of analytic solutions of semi-linear parabolic equations and
of geometric flows. His ideas were further developed by many authors (see,
for instance, [12, 10, 41, 39] concerning the long-time asymptotic behavior of
solutions of semi-linear heat and wave equations, see [35] concerning gradient
flows associated with geometric flows).

The condition £ being real-analytic is rather a geometric property than a
regularity property of £. This is well demonstrated by the gradient system
in R? given by the Mexican hat functional £ due to Palis and de Melo [51,
p 14]. In this example, £ belongs to the class C*°(R?), but £ admits a bounded
gradient flow v with an w-limit set w(v) which is isomorphic to the unit circle
S1. The geometric properties of real-analytic functions and L-inequality (1.7)
were studied systematically with tools from algebraic geometry and generalized
to the class of definable functionals (see [58]). By introducing the concept of
a talweg curve, Kurdyka [11] showed that every definable C! functional £ on
U C RV satisfies near every equilibrium point a KL-inequality (1.6) and with
this, he established of every bounded definable gradient flow in RY, the trend
to equilibrium in the metric sense.

First versions of local and global KL-inequality (1.6) for proper, lower semi-
continuous, and (semi-)convex functionals £ : H — (—o0,+00] on a Hilbert
space H were introduced by Bolte et al. [1(] (see also [24]). They adapted
Kurdyka’s notion of a talweg curve to the Hilbert space framework and char-
acterized the validity of a KE-inequality (1.6) with the existence of a talweg. In
addition, first formulations of KL-inequality (1.6) in a metric space framework
were also given in [10] (see also the recent work [15]).
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In this paper, we introduce local and global KL-inequalities (1.6) for proper
functionals £ : M — (—o0, +00] defined on a metric space (M, d) (see Defi-
nition 3.2 in Section 3.1). Our definition here is slightly different to the one
in [16, 15], but consistent with one in the Hilbert space framework given, for
instance, by [24]. This enables us to provide new fine tools for determining the
trend to equilibrium in both the entropy sense (in Section 2.5) and the metric
sense (in Section 3.5) of gradient flows in 9. More precisely, we show in The-
orem 3.5 that if £ is bounded from below and satisfies a KL-inequality (1.6)
on a set U then every gradient flow v of £ satisfying v([tg, +00)) C U for some
to > 0 has finite length. In Section 3.3, we study sufficient conditions imply-
ing that a functional €& on 9 satisfies KEL-inequality (1.6) near an equilibrium
point ¢ of £. In particular, Theorem 3.11 provides optimal conditions on the
talweg curve in M ensuring the validity of a KL-inequality (1.6) by £ near ¢.
In Section 3.4, we characterize the (local) validity of a KL-inequality (1.6) by
a functional £ with the existence of a talweg curve. We adapt Lojasiewicz’s
and Kurdyka’s convergence method from [16, 17] and [14] to the metric space
framework (Section 3.5) and establish the trend to equilibrium in the metric
sense of every gradient flow of £ (Theorem 3.17). We define Lojasiewicz’s
inequality (1.7) for proper functionals £ on 91 (see Definition 3.4) and deduce
from it decay rates of the trend to equilibrium in the metric and entropy sense,
and give upper bounds on the extinction time of gradient flows (Theorem 3.20).
Note, these results are consistent with the Hilbert space framework (cf, for in-
stance, [10, 27, 16]). Section 3.7 is concerned with the characterization of
Lyapunov stable equilibrium points ¢ under the assumption that £ satisfies a
KEL-inequality (1.6) in a neighborhood of ¢, and in Section 3.8, we demonstrate
that KL-inequality (1.6) is equivalent to a (generalized) ET-inequalities (1.5).

Before outlining some applications to the theory developed in Section 4.1 of
this paper, we briefly review the example of the linear Fokker-Planck equation

(1.8) o =Av+ V- (vVV) on M x (0,+00),

where M a complete C?-Riemannian manifold of dimension N > 1, £V is
the standard volume measure on M, and V € C?(M) is a given potential.
It was demonstrated in [13] (see also [60]) that if one fixes a reference prob-
ability measure v = v LY € Py(M) with vy = eV, then solutions v of
equation (1.8) can be written as the the probability distribution v(¢) of the
gradient flows () = v(t) LV generated by the Boltzmann H -functional

(1.9) H(plv) = /M 3—5 log g—fj dv for every pu = vLN € Py(M).
Since
H(plv) = / v logvd:c+/ vVdx =: E(v),
M M

one sees that EEP-inequality (1.3) is the logarithmic Sobolev inequality

(1.10) H(ulv) < 5 T(lv),

for some A > 0, which holds true if D*(V)+Ric > A due to [14]. The functional
Z(plv) in (1.10) is called the relative Fisher information of p with respect to
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v and coincides with the entropy production

2
D(,u):/M)Vlog‘;’lj du=4/M‘v\/f}5

Thus, in other words, the logarithmic Sobolev inequality (1.10) is actually

2
dv =: Z(plv).

KL-inequality (1.6) for 6(s) = 2C|S|_%8. Moreover, ET-inequality (1.5) is, in
fact, Talagrand’s entropy transportation inequality (cf [19])

(L.11) Wa(ju,v) < \/3H(ulv).

Thanks to Corollary 3.32 of this paper, Talagrand’s inequality (1.11) and
the logarithmic Sobolev inequality (1.10) are equivalent to each other.

Section 4 is dedicated to applications: Section 4.1 is concerned with the
Hilbert space framework and Section 4.2 with the Wasserstein framework. Sec-
tion 4.1.2 and 4.1.3 provide two examples of gradient flows associated with the
total variational flow. These examples illustrate that an KL-inequality (1.6)
involving known growth functions 6 provide upper bounds on the extinction
time of gradient flows. In Section 4.2.1, we establish new (generalized) en-
tropy transportation inequalities, logarithmic Sobolev inequalities and HWI-
inequalities (see Theorem 4.15 and cf [19, 3, 2] and [29]) associated with proper,
lower semicontinuous energy functionals £ defined on a p-Wasserstein spaces
Pp.a(§2), (2 C RY an open set and 1 < p < oo). The probability densities
of the gradient flows of these functionals £ are solutions of parabolic doubly
nonlinear equations. We prove exponential decay rates and finite time of ex-
tinction of those gradient flows (Corollary 4.19). We note that all results in
Section 4 provide new insights in the study of the examples.

During the preparation of this paper, we got aware of the recent work [15]
by Blanchet and Bolte. They show in the case A = 0 that for proper, lower
semicontinuous and A-geodesically conver functionals £ on Po(RY), a (lo-
cal) Lojasiewicz -inequality is equivalent to a (local and generalized) ET-
inequality (1.5). Then, as an application of this, they establish the equiv-
alence between Talagrand’s inequality (1.11) and the logarithmic Sobolev in-
equality (1.10) for the Boltzmann H-functional (1.9) on RY for V = 0. The
method in [15] is based on a similar idea to ours (cf Theorem 3.28), but our
results presented in Section 3.8 are concerned with a much general framework.
In our forthcoming paper, we show how these results help us to study the
geometry of metric measure length space with a Ricci-curvature bound in the
sense of Sturm [55, 56] and Lott-Villani [18].

We continue this paper with Section 2 by summarizing some important
notions and results from [7] of the theory of gradient flows in metric spaces.

2. A BRIEF PRIMER ON GRADIENT FLOWS IN METRIC SPACES
Throughout this section (91, d) denotes a complete metric space provided

nothing more specifically was mentioned and —oo < a < b < +00.

2.1. Metric derivative of curves in metric spaces. Here, 1 < p < oc.
We begin with the following definition.
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Definition 2.1. A curve v : (a,b) — 9 is said to belong to the class
ACP(a,b; M) if there exists an m € LP(a,b) satisfying

t
(2.1) d(v(s),v(t)) < / m(r)dr foralla <s <t <b.

Similarly, a curve v : (a,b) — 90 belongs to the class ACY

1oc (@, b; 90T if there is
an m € L} (a,b) satisfying (2.1).

Notation 2.2. In the case p = 1, we simply write AC(a,b;9) for the class
AC (a,b;90) and ACjo.(a, b; M) instead of ACE (a, b; ).

Remark 2.3. Since L (a,b) C L}, .(a,b), the class AC (a,b;9M) is included in
AC)pc(a, b; 0N). Every curve v of the class AC(a, b; 9) is absolutely continuous
on the open interval (a,b) and hence, uniformly continuous on (a,b). By the
completeness of M, if a > —oo, then there is an element v(a+) € M such

that limy_,q+ v(t) = v(a+) exists in M. Analogously, if b < +oo, then there is
v(b—) € M such that lim; ,,_ v(t) = v(b—) exists in M.
Proposition 2.4 ([7, Theorem 1.1.2], Metric derivative). For every curve
v e ACP(a,b; M), the limit
. d(v(s),v(t))
/ e ’
(2.2) (0 = tim S

exists for a.e. t € (a,b) and |V'| € LP(a,b) satisfies (2.1). Moreover, among
all functions m € LP(a,b) satisfying (2.1), one has |V'|(t) < m(t) for a.e.
t € (a,b).

Definition 2.5. For a curves v € ACP(a, b;9M), one calls the function |[v/| €
LP(a,b) given by (2.2) the metric derivative of v.

Lemma 2.6 ([7, Lemma 1.1.4], Arc-length reparametrization). Let v €
AC(a,b; M) with length

b
(2.3) v=a= [ Wi
Then there exists an increasing absolutely continuous map
s: (a,b) — [0,7] satisfying s(0+) =0, s(b—) =,
and a curve v € AC™®(0,~v;9M) such that
v(t) =0(s(t)), |o'|=1.

2.2. Strong upper gradients of £. In this subsection, we introduce the first
main tool for establishing the existence gradient flows in metric spaces.

Definition 2.7. A functional £ : 9 — (—o0, 00 is called proper if there is a
v € M such that E(v) < 400 and the set D(E) := {v € M| E(v) < +o0} is
called the effective domain of £.

Definition 2.8 (Strong upper gradient). For a proper functional £ : 0t —
(=00, 0], a proper functional g : 9t — [0, +00] is called a strong upper gradient
of € if for every curve v € AC(0,+o00; M), the composition function g o v :
(0, +00) — [0, o0] is Borel-measurable and

(2.4)  |€(t)) —E((s))] < / g(v(r)) [v'|(r)dr foralla <s<t<b.
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Remark 2.9.

(1) We always assume that the effective domain D(g) of a strong upper
gradient g of £ is a subset of the effective domain D(E) of £.
(2) In Definition 2.8, it is not assumed that

(2.5) (g0 v) [V| € Lige(a, ).
Thus, the value of the integral in (2.4) might be infinity.
The following notion is taken from [3].

Definition 2.10. For a given functional £ : 9 — (—o0, oo, the local Lipschitz
constant at u € D(E) is given by

. €(v) = E(u)]
D& =1 _—
[DE[(u) i=Timsup =7
and |DE|(u) := 4oo for every u € M\ D(E). Similarly, the ascending slope
|IDTE|: M — [0, +00] of € is defined by

[E(v) — E()]T if ue D(E),

T
IDTE|(w) =4 o’ d(v,u)

+00 if otherwise

and the descending slope |D~&| : MM — [0, +0o0] of £ is given by

: [Ew) —E@)]™ .

_ hmsup— if ue D(E),
[D7E|(u) := {  v—u d(v,u)

+00 if otherwise.

We come back to the descending slope |D~&| in Section 2.4. Our next
proposition follows immediately from Definition 2.8. We state this standard
result for later use.

Proposition 2.11. If g : MM — [0, 400] is a strong upper gradient of a proper
functional € : M — (—o0,00|, then for every v € AC,(a,b; M) satisfy-
ing (2.5), the composition function Eov : (a,b) — (—o0, 0] is locally absolutely
continuous and

d
(2.6) dtg(v(t)‘ < g(v(t)) |V'|(¢) for almost every t € (a,b).
2.3. p-Gradient flows in metric spaces. In this subsection, let 1 < p < oo
and p’ p be the Hélder conjugate of p and we focus on the case a = 0,
n= +oo
We begin by recalling the following definition taken from [31] (see also [7]).

Definition 2.12. For a proper functional £ : 9 — (—o0, 00| with strong
upper gradient g, a curve v € AC},.(0, +00; M) is called a p-curve of mazimal
slope of £ if Eow: (0,+00) — R is non-increasing and

(2.7) %S(v(t)) < —I%gp/ (v(t)) — %|v'|p(t) for almost every ¢ € (0, 400).

Some authors (cf [¢]) call Definition 2.12 the metric formulation of a gradi-
ent flow. Since we agree with this idea, we rather use the following notion.
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Definition 2.13 (p-gradient flows in 9t). For a proper functional £ : M —
(—o0, 00] with strong upper gradient g, a curve v € ACj,.(0, 4+00; M) is called
a p-gradient flow of £ or also a p-gradient flow in 9N if v is a p-curve of
maximal slope of £ with respect to g. For the sake of convenience, we call
each 2-gradient flow in 9, simply, gradient flow. Further, a p-gradient flow v
of € has initial value vy € M if v(0+) = vy.

We will also need the following more general version of p-gradient flows of
& (cf [16, Definition 15] in the Hilbert space framework).

Definition 2.14 (piecewise p-gradient flows in 9). For 0 < T' < +o0,
we call a curve v : [0,T) — M a piecewise p-gradient flow in M if there is
an energy functional £ : M — (—oo, +00] and a strictly increasing sequence
(tn)n>0 such that P = {0 = to, 11, t2,... } is a countable partition of [0,7") and
for which the curve v, : (0,t,) — 9t defined by

vp(t) == v(t + tp_1) for every t € [0,¢,),

is a p-gradient flow of £ on (0,t,) for every n > 1, and for every i, j > 1
with i # j, the two intervals £(v;([0,t;))) and £(v;([0,t;))) have at most one
intersection point.

Remark 2.15. We note that for every piecewise p-gradient flows v : [0,7) — 90,
there is a sequence (ty)n>0 such that P = {0 = to,t1,t2,...} is a countable
partition of [0,7") for which

v € AC1pe(tn—1,1n; M) for every n > 1.

Thus, by Remark 2.3, the right-hand and left-hand side limits v(¢,—1+) € M
and v(t,—) € M exist, but v is, in general, only a piecewise continuous curve,
that is, for the partition P of [0,7'), one has that vy, _, 4.1 € C([tn—1,tn]; M).

n—1,

For the sake of completeness, we give the following characterization of p-
gradient flows, which is scattered in the literature. But we omit its easy proof.

Proposition 2.16. Let £ : M — (—o0, 00| be proper functional with strong
upper gradient g, and v € AC1yc(0,4+00;9M). Then the following statements
are equivalent.

(1) v is a p-gradient flow of €.
(2) Eowv:(0,4+00) = R is non-increasing and for all 0 < s < t < 0,

(28)  E(v(s)) — () > L / W) dr+ L / ¢ (o(r), dr.

(8) Eov:(0,+00) — R is non-increasing and energy dissipation equality

(29)  E(v(s) - Ew(t) =1 / W) dr 4+ L / ¢ (u(r)) dr

holds for all 0 < s <t < 400.

Moreover, for every p-gradient flow v of €, one has that

v e ACP (0, +oo; M), gov e LY (0,400;R),

loc loc

and for almost every t € (0, +00),

(2.10) %5(0(75)) = —[v[P(t) = =g (v(t)) = —(g o v)(t) - [V'|(2).
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In particular, if v(0+) € D(E), then (2.9) holds for all 0 = s <t < 400, and
for every T > 0, one has |v'| € LP(0,T) and gov € L¥ (0,T).

Remark 2.17. Note, for every p-gradient flow v of £, one has that

(2.11) E(v(s)) — E(v(t)) :/ [W'[P(r) dr =/ 9" (v(r))dr
for all 0 < s < t < 400 due to (2.9) and (2.10).

Now, the existence of p-gradient flows in metric spaces needs additional
assumptions on the functional £ such as coercivity and lower semi-continuity.
This was well elaborated in the book [7] and the existence of such curves was
proved by using the concept of minimizing movements (due to De Giorgi [33],
see also [5]). We briefly sketch the idea of this method.

For a sequence T = {7, }>1 With 7, := t? — t"~1 > 0 of finite length

oo
|7| :=sup7, and such that lim ¢ = ZTk = o0,
n>1 n—»00 P

one assigns a partition
Pr = {O:tg <tl<-o<tl< } of the interval [0, c0).
Then, for given UY € M, consider the recursive scheme

(2.12) { if U;’ Ufzv SRR U;—I_l are kIlOWIl, then

find U € argmin (<I>p(7'n, un—t )) )

T, UML) 1 9T — (=00, 00] is given by

—~

where the proper functional ®,

—_

(2.13)  ®y(7, UFHU) = dP(UPY U) + E(U)  for every U € M

-1

bS]

pT,
and argmin (<I>p(7n, urt )) is the set of all global minimizers of it. Suppose
for every sequence 7 and U? € 9, there is a sequence {U"},>1 C M solving
(2.12). Then, one interpolates the values {U”},>0 by the piecewise constant
function U, : M — R defined by (cf [30] in the Banach space framework)

3

(214)  To(t) = U Lpmqy(t) + D UP Ly () for every ¢ > 0.
n=1

Definition 2.18. For a given proper functional £ : 9 — (—o0, +00] and
vg € M, a curve v : [0,00) — M is called a minimizing movement of &
starting from vy if for every sequence 7, there is a discrete solution U, given
by (2.14) such that

limoé’(UB) = E(up), limsup d(U°, ug) < oo, U,(t) — u(t) for all t € [0,00),
T|—

I7| |7|—0

where the limit is with respect a topology 7 on 90 for which the metric d of
M is sequentially lower semicontinuous.

We also need to introduce the notion of the relazed slope of a functional &,
(or, also called the sequentially lower semicontinuous envelope of |[D™E|).
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Definition 2.19. For a proper functional £ : 9 — (—o0, +00], the relaxzed
slope |0 E] : M — [0, +00] of £ is defined by

neN

|0~ E|(u) = inf {1in_1>inf|D_5|(un) Up — u, sup{d(unp,u),&(uy)} < oo}

for every u € D(E).

The following generation result of p-gradient flows in metric spaces is suffi-
cient for our purpose, where we choose the weak topology ¢ to be the topology
induced by the metric d of 9.

Theorem 2.20 ([7, Corollary 2.4.12]). Let £ : MM — (—o0, +0o0] be a proper
lower semicontinuous function on M satisfying

(1) the functional ®, given by (2.13) satisfies the “convexity condition”:
there is a A € R such that for every vy, v1 € D(E), there is a curve
with v(0) = v, v(1) = v1 and for all0 < 7 < )\%,

v = ®p(7,00,0) 18 (7'71 + A)-convez on v,

(ii) for every a € R, every sequence (vp)p>1 C Eq := {v € M| E(v) < a}
with sup,, ., d(vn, vm) < +00 admits a convergent subsequence in M,
(iii) for every a € R, the descending slope |D™E| is lower semicontinuous
on the sub-level set E,,
where A~ = max{0, —A} and 5= := 400 if \™ = 0. Then, for every vy € D(€)
there is a p-gradient flow of & with v(0+) = vy.

2.4. Geodesically convex functionals. An important class of functionals
E M — (—o0, 0] satisfying sufficient conditions to guarantee the existence
of p-gradient flows of £ is given by the ones that are convex along constant
speed geodesics (see Theorem 2.31 below). To be more precise, we recall the
following definition (cf [7]).

Definition 2.21. For A € R, a functional £ : 9 — (—o0, o0] is called A-convex
along a curve 7 : [0,1] — M (we write v C M) if

(2.15)  E(y(1) < (1= 1)EM(0)) +tE(y(1)) — 5t(1 — t)d*(v(0),7(1))

for all t € [0,1], and & is called convezr along a curve v C M if £ is A-convex
along ~ for A = 0.

Definition 2.22 (constant speed geodesics and \-geodesic convexity).
A curve 7 : [0, 1] — 9 is said to be a (constant speed) geodesic connecting two
points vy, v1 € M if v(0) = vy, v(1) = v; and

d(v(s),y(t)) = (t — s)d(vp,v1) for all s, ¢ € [0,1] with s <.

A metric space (9, d) with the property that for every two elements vy, v1 €
M, there is at least one constant speed geodesic v C M connecting vy and vy
is called a length space. Given X\ € R, a functional &£ : 9 — (—o0, 00] is called
A-geodesically convez if for every vg, v € D(E), there is a constant speed
geodesic v C M connecting vy and v; such that £ is A-convex along v and &
is called geodesically convex if for every vy, v € I, there is a constant speed
geodesic v C 9N connecting vy and v; and £ is convex along ~.
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The descending slope |D~&| of a A\-geodesically convex functional £ admits
several important properties, which we recall now for later use.

Proposition 2.23 ([7, Theorem 2.4.9 & Corollary 2.410]). For A € R, let
E:M — (—o0,00] be a proper A-geodesically convex functional on a length
space M. Then, the following statements hold.

(1) The descending slope |D~E| of € has the representation

_ B E(u)—EW) A +
(2.16) |D™&|(u) = il;}fu) ) + §d(u,v) for every u € D(E).

(2) For every u € D(E), |D~E|(u) is the smallest L > 0 satisfying
E(u) —E(w) < Ld(v,u) — %d(v,u)2 for every v e M.
In particular,
(2.17)  E(u) —E(v) < |D™E|(uw) d(v,u) — %dQ(v,u) for every v € M.

(8) If € is lower semicontinuous, then the descending slope |D~E| of €
is a strong upper gradient of £, the relaxed slope |0~E| = |D~E|. In
particular, |D™E| is lower semicontinuous.

Throughout this paper, we use the following notion.

Definition 2.24. For a proper functional £ : M — (—o0, 00| and ¢ € D(E),
we call the functional E(-|p) : M — (—o0, oo] defined by

E(vlp) =E(v) — E(p) for every ¢ € M
the relative entropy or relative energy of £ with respect to .

Due to Proposition 2.23, we have that the following result holds for A-
geodesically functionals £ on a length space 9t (cf [16, Proposition 42] in the
Hilbert space framework).

Proposition 2.25. For A € R, let £ : M — (—o0, 0] be a proper, lower
semicontinuous and A\-geodesically convex functional on a length space M and
for p € D(E), R> 0, let D C [E(+, |¢)] (o0, R]) a nonempty compact set.
Then, the function sp : (—oo, R] — [0,400] given by

2.18 sp(r) = inf D™ E|(v or everyr € (—oo, R

Q18 spl)= it DEND)  for every € (oo, B

1s lower semicontinuous.

Proof. For a > 0, let (rp)n>1 C (—o0, R] be a sequence converging to some
r < R such that sp(r,) < « for every n > 1. Further, let ¢ > 0. Then, there
is a sequences (vy)n>1 € DNEL({r, + E(p)}) satisfying

|ID™E|(vy) < sp(rp) —€ for every n > 1.

Since D is compact, there is an element v € D such that after possibly passing
to a subsequence v, — v in M. Since limy, 400 E(vy) = limy, 400 T +E(p) =
r+&(p) and since & is lower semicontinuous, £(v) < r+E&(p). Moreover, since
|D~E] is lower semicontinuous (Proposition 2.23), v € D(|D~&|) and

|ID™E(v) < lin_l}inf|D_€|(vn) <a-—e.
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On the other hand, by (2.17),
A
E(vy) < E() + |D™E|(v) d(vp,v) — §d2(vn,v) for every n > 1.

Sending n — 400 in this inequality and using that lim,, o E(v,) = r+E(p),
it follows that
r 4+ E(p) — £(0) = 0.
Therefore, for every € > 0, there is at least one
veDCE{r+E&(p)}) suchthat |D7E|(v) <a—e,
implying that sp(r) < a. O

Notation 2.26. For ¢ € 9t and r > 0, we denote by

B(p,r) := {v € Qﬁ‘d(v,go) < r}
the open ball in M of radius r and centered at .

Definition 2.27. Given a proper functional £ : 9 — (—o0, +00], an element
w € D(E) is called a local minimum of £ if there is an r > 0 such that

(2.19) E(p) < E(v) for all v € B(p,r),

and ¢ is said to be a global minimum of £ if (2.19) holds for all v € M.
Moreover, we denote by argmin(€) the set of all global minimizers ¢ of &.

Our next proposition shows that for A-geodesically convex functionals £
with A > 0, every local minimum is a global one and the set all points of
equilibrium of € (see Definition 2.36 below) coincides with the set of global
minimizers argmin(€) of &.

Proposition 2.28 (Fermat’s rule). Let £ : MM — (—o0,+00] be a proper
functional. Then the following statements hold.

(1) If ¢ € D(E) is local minimum of £, then |[D~E|(yp) = 0.

(2) If for X > 0, & is A\-geodesically convex, then

argmin(€) = {@ e D(ID=&)) | |ID~€|(p) = o}.

(3) If € is A-geodesically convex for X > 0, then & admits at most one
MINIMUM.

Proof. Claim (1) is a direct consequence of the definition of the descending
slope |D~&| of £ (cf Definition 2.10). To see that claim (2) holds, it re-
mains to show that every ¢ € D(|D~&|) satisfying |[D~E|(p) = 0 is a global
minimum of £. But this follows from the characterization (2.16) of |[D~&|
in Proposition 2.23. Claim (3) is a consequence of inequality [7, (2.4.20) in
Lemma 2.4.13], but for the sake of completeness, we shell briefly sketch the
proof here. To see this, let ¢ € D(E) be a minimizer of £ and suppose that
¥ € D(&) is another minimizer of £. By hypothesis, there is a constant speed
geodesic vy : [0,1] — 2 such that v(0) = ¢ and (1) = ¢ and & is A-convex
along ~y. Thus,

0< 6(’7(0) ; 5(7(0)) < 5(’)/(1)) _ 5(7(0)) — %(1 - t)d2(’7(0)77(1))




KLS-INEQUALITY FOR GRADIENT FLOWS IN METRIC SPACES 15

for every t € (0,1). We fix t € (0,1). Then, since A\ > 0 and ¢ = ¥(0) is a
minimizer of £, the last inequality implies that

20 - DP((0).9(1) € £G(1) ~ £((0)) <0
implying that ¢ = v(0) = (1) = . O

For proper functionals £ which are A-geodesically convex for A > 0 and
admit a (global) minimizer ¢ € M, every gradient flow v of £ trends expo-
nentially to ¢ in the metric sense (see Corollary 3.21, cf [7, Theorem 2.4.14]
and [22]). This stability result is due to inequality (2.20) in our next proposi-
tion.

Proposition 2.29 ([7, Lemma 2.4.8 & Lemma 2.4.13]). For A > 0, let
E:M — (—o0,00| be a proper, lower semicontinuous, A-geodesically convex
functional on a length space (MM, d). Then,

1
2.2 — inf £(0) ) < = |[D~&? D(€&).
(2.20) (5(1}) vlélgﬁﬁ(@)) < 2)\] EI*(v) for all v e D(E)
In addition, if £ satisfying coercivity condition:

(2.21)  there is ux € D(E), r > 0 s.t. my = inf E(v) > —o0,
weM:d(u,ux ) <rx

then there is a unique minimizer ¢ € D(E) of £ and
A 1
(2.22) §d2(v,<p) < Ev|p) < o |ID=E|?(v) for allv e D(E).

Remark 2.30. Under the hypotheses of Proposition 2.29, and if £ has a global

minimizer ¢, then inequality (2.20) is, in fact, entropy-entropy production

inequality (1.3) for linear ®(s) = 2As (cf [61, 62]). On the other hand, in-

equality (2.20) can also be seen as a Kurdyka-Lojasiewicz inequality (1.6)

for O(s) = ii|s|7%s or as a Lojasiewicz-Simon inequality (1.7) with expo-
1

nent a = 5 (see Definition 3.4, and compare with [44, 54, 42, 40, 25, 16, 24]).

For A-geodesically convex functionals, we have the following existence result.
Theorem 2.31 ([7, Corollary 2.4.11]). Let 1 < p < 400 and for A\ € R (re-
spectively, for A =0ifp # 2), let £ : M — (—o0, +00| be a proper, lower semi-
continuous, \-geodesically convex functional on a length space (I, d). Further,
suppose for every ¢ € R, the sub-level set

E.:= {v emMm ‘ E(w) < c} is compact in M,
Then with respect to the strong upper gradient |D~E| of £, for every vy € D(E),
there is a p-gradient flow v of €& with v(0+) = vy.

2.5. Some notions from the theory of dynamical systems. Here, we
summarize some important notions and results from the theory of dynamical
systems in metric spaces [33], which we adapt to our more general framework.

Notation 2.32. For a curve v : [0, +00) — 9 and ¢y > 0, we denote by
Ly (v) = {w(t) |t > to}

the image in M of the restriction vy, 4oy of v on [to, +00); and by Zy, (v) the
closure of Z;,(v) in 9.
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We start by recalling the classical notion of w-limit sets.
Definition 2.33. For a curve v € C((0, 00); ), the set
w) = {go € zm‘ there is ¢, T +o00 s.t. lim v(t,) = ¢ in E)ﬁ}
n—oo
is called the w-limit set of v.

The w-limit set w(v) of continuous curves in M has the following properties.

Proposition 2.34. For a curve v € C([0,00); M) the following holds.

(1) If for some to > 0, the curve v has a relative compact image Iy, (v) in
M, then the w-limit set w(v) is non-empty.

(2) If there is a p € M such that limy_,oc v(t) = ¢ in M,

then w(v) = {p}.

(3) If for to > 0, v has relative compact image Iy, in M and ¢ € M, then

w() = {p} if and only if limy_,oc v(t) = p in M.
We omit the proof of these statements since they are standard (cf [20]).

With our next definition we generalizes the classical notion of Lyapunov
functions (cf [38]).

Definition 2.35. For a curve v € ACj,.(0,00;9M), a proper functional & :
M — (—o0,00] is called a Lyapunov function of v if £ is non-increasing along
the trajectory {v(t)|t > 0}. Moreover, a Lyapunov function £ of v is called a
strict Lyapunov function of v if £ ov = C on [ty,00) for some ¢y > 0 implies
that v is constant on [tg, 00).

In addition, we need to introduce the notion of equilibrium points.

Definition 2.36. An element ¢ € 9 is called an equilibrium point (or also
critical point) of a proper functional £ : MM — (—o0, 0] with strong upper
gradient g if ¢ € D(g) and g(¢) = 0. We denote by E, = g~ ({0}) the set of
all equilibrium points of £ with respect to strong upper gradient g.

Remark 2.37. By Proposition 2.28, if £ is a A-geodesically convex energy func-
tionals £ with A > 0, then the set of equilibrium points
Ey = argmin(&) for the strong upper gradient g = |D™&|.

Our next proposition describes the standard Lyapunov entropy method for
p-gradient flows v of a proper functional £ on a metric space 9.
Proposition 2.38. Let £ : M — (—o0, +00| be a proper functional with strong
upper gradient g, and v a p-gradient flow of £. Then, the following hold.

(1) € is a strict Lyapunov function of v.
(2) (Trend to equilibrium in the entropy sense) If for to > 0, &

restricted on the set Ly, (v) is lower semicontinuous, then for every
© € w(v), one has ¢ € D(E) and

(2.23) tlim E(w(t) =E(p) = inf E(§).
—00 E€Lty(v)

In particular, if w(v) is non-empty, then 5@0 (v) 1s bounded from below.
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(3) (w-limit points are equilibrium points of &) Suppose for to > 0,
E restricted on the set Ly, (v) is bounded from below and g restricted
on the set Iy, (v) is lower semicontinuous. Then the w-limit set w(v)
of v is contained in the set By of equilibrium points of £.

Proof. By inequality (2.8), the function £(v(-)) is non-increasing along (0, +00).
Thus, £ is a Lyapunov function. Now, suppose that there are tg > 0 and C € R
such that £(v(t)) = C for every t > ty. By dissipation energy equality (2.11),
the metric derivative |v|(t) = 0 for all ¢ > ¢y and so by Proposition 2.4, v is
constant on [tg, +00), proving (1).

Next, we assume there is a ¢y > 0 such that & restricted on the set Z;,(v)
is lower semicontinuous, and let ¢ € w(v). Then, there is a sequence t,, T +00
such that v(t,) — ¢ in 9t and so, the lower semicontinuity of £ yields ¢ € D(E)
and

liminf E(v(t,)) > E(p).
t—00

By monotonicity of £(v(+)) along (0,400) and since t,, T +o0, for every ¢ > t
there is an ¢, > t satisfying

E(u(t)) = E(v(tn)) = E(p)-

Thus, € is bounded from below on Z;,(v) and by using again the monotonicity
of £(v(+)), we see that limit (2.23) holds, establishing statement (2).

To see that statement (3) hold, we note first that since £(v(-)) is bounded
from below on (g, +00) for some ¢y > 0 and since v is a p-gradient flow of
& with strong upper gradient g, we can infer from energy dissipation equal-
ity (2.9) that the metric derivative |v'| € LP(tp,00). Now, let ¢ € w(v). Then
there is sequence (t,)n>1 C (to, +00) such that ¢, T +o0 and v(t,) — ¢ in M
as n — 0o. Since v(t,) € D(g) for every n and g is lower semicontinuous, we
have that ¢ € D(g). Further, for every s € [0, 1], Holder’s inequality gives

tn+s
limsup d(v(t, + s), ¢) < lim sup/ |v'|(r) dr + lim sup d(v(t,,), ¢)
tn

n—-+o0o n—-+o0o n—-+o0o

tnts 1/p
< lim sup </ [v'[P(r) dr>
in

n—+o0o
+00 1/p
< limsup </ [V [P(r) dr) =0,
n——+oo tn
showing that the sequence (vy)n>1 of curves v, : [0, 1] — 91 given by
vn(s) = v(tn + ) for every s € [0,1]
satisfies

(2.24) lim sup d(v,(s), ) =0.

N+ ¢c(0,1)
Since v is a p-gradient flow of £, also v, is a p-gradient flow of £ with strong
upper gradient g. By assumption, g is lower semicontinuous and since v, is
continuous on [0, 1], g(vy,) is lower semicontinuous on [0, 1] and so, measurable.
Thus, by Fatou’s lemma applied to (2.24) and by (2.10),

1
0< g (o) <liminf [ ¥ (ua(5) ds
0

n—-+o0o
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tnt+1 +00
< lim sup/ [0/ |P(r) dr < lim sup/ [v'[P(r) dr = 0.
tn tn

n——+oo n——+00

Therefore, ¢ € E,. This completes the proof of this proposition. O

Remark 2.39 (The w-limit set w(v) for A-geodesically convex £). If for
A € R, the functional £ : 9 — (—o0, +00] is proper, lower semicontinuous and
A-geodesically convex on a length space 91, then by Proposition 2.23, the de-
scending slope |D~&]| of £ is lower semicontinuous. Thus by Proposition 2.38,
for every p-gradient flow v of £, the w-limit set w(v) C E|p-¢|-

3. KURDYKA-LOJASIEWICZ-SIMON INEQUALITIES IN METRIC SPACES

Here, we adapt the classical Kurdyka-Lojasiewicz inequality (cf [14, 16, 16,
]) to a metric space framework. Throughout this section, let (91,d) be a
complete metric space and 1 < p < 4o00.

3.1. Preliminaries to KL and LS-inequalities. We begin by fixing the
following notation.

Notation 3.1. For a proper function F : 9 — (—o0, +00], we write [|F| > 0]
and [F > 0] for the pre-image sets {v € M||F| > 0} and {v € fm|}' > 0}.
For R,r >0, wewrite [0 < F < 7], [0 < F < R], [F =r],and [0 < |F| < R| to
denote the set {vei)ﬁ‘O<]—"<R},{UGSDT}F:T},{UESD?‘O<}"§R},
and {v € M|0 < |F| <r}.

The following inequality plays the key role of this paper. Our definition
extends the ones in [16, 24] to the metric space framework.

Definition 3.2. A proper functional £ : MM — (—o0, +o0] with strong up-
per gradient g and equilibrium point ¢ € E, is said to satisfy a Kurdyka-
Lojasiewicz inequality on the set U C [g > 0] N [0/(E(:|¢)) > 0] if there is a
strictly increasing function 6 € Wﬁ)cl (R) satisfying 6(0) = 0 and

(3.1) 0 (E(v]p)) gv) > 1 for all v e Y.

Remark 3.3. Later, one sees that the equilibrium point ¢ € U if £ satisfies a
Kurdyka-Lojasiewicz inequality (3.1) on the set U C [g > 0] N [0'(E(:|¢)) > 0]
(see Sections 3.3 and 3.4).

In the particular case that for an exponent o € (0, 1] and ¢ > 0,

(3.2) 0(s) == £s|*'s for every s € R,
Kurdyka-Lojasiewicz inequality (3.1) reduces to the gradient inequality due
to Lojasiewicz [16, 47] in RY and Simon [54] in infinite dimensional Hilbert
spaces.

Definition 3.4. A proper functional £ : 9 — (—o0, +00] with strong upper
gradient g and equilibrium point ¢ € E, is said to satisfy a Lojasiewicz-Simon
inequality with exponent o € (0, 1] near ¢ if there are ¢ > 0 and aset U C D(E)
with ¢ € U such that

(3.3) 1E(w|@) 7™ < cg(v) for every v e U.
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3.2. p-Gradient flows of finite length. In this part, we show that the
validity of a Kurdyka-Lojasiewicz inequality (3.1) on a set U yields finite length
of p-gradient flows in U/. Our next theorem generalizes the result [16, (1) = (i4)
of Theorem 18]) for proper, lower semicontinuous and semi-convex functionals
£ on Hilbert space.

Theorem 3.5 (Finite length of p-gradient flows). Let £ : M — (—o0, +0]
be a proper functional with strong upper gradient g, and for ¢ € Eg, sup-
pose & satisfies a Kurdyka-Lojasiewicz inequality (3.1) on the set U C [g >
0] N[0 (E(-|¢)) > 0]. Then, the following statements hold.
(1) Every piecewise p-gradient flow v : [0,T) — M of & with 0 < T < 400
such that for some 0 <tg < T,

(3.4) v(t) el for almost every t € [to,T),
has finite length v(v).

(2) Every piecewise p-gradient flow v : [0, +00) — M of £ satisfying (3.4)
Jor some 0 <ty <T = 400 and for which € ov|j4, 1) i bounded from
below, has finite length v(v).

In particular, there is a continuous, strictly increasing function 6 € Wlicl (R)
satisfying 6(0) = 0 such that for every piecewise p-gradient flow v : [0,T) — M
of € satisfying (3.4) for some 0 < tg < T < 400, one has

(3.5) d(v(s), v(t)) < / [V|(r) dr < 0(E(v(s)lg)) — O(E(v(t)]))
for everytg <s<t<T.

Remark 3.6 (Trend to equilibrium in the metric sense). The main task in
proving trend to equilibrium in the metric sense of p-gradient flows v is to
show that the curve v once entered the U for which (3.1) holds, can not
escape from U any more. In other words, v satisfies (3.4) for some minimal
to > 0 such that v(tg) € U and hence v has finite length (see Section 3.5).

Proof of Theorem 3.5. Let v : [0,T) — 9 be a piecewise p-gradient flow of £
satisfying (3.4) for some 0 < ¢y < T' < +00. Then, there is a sequence (t,)n>0
such that P := {0 = tg,t1,t2,...} is a countable partition of [0,7") and for
every n > 1, the curve v, _, 4, is a p-gradient flow of £ on (t,—1,%n).

Let n > 1. Since £ o v is non-increasing on (t,,—1,t,) and locally absolutely

continuous, and since 6 € I/VIIOCI(R) and strictly increasing, the function

(3.6) H(t) = 0(E(v(t)]e))

for every t € (tp—1,tn), is non-increasing, differentiable almost everywhere on
(th—1,tn), and the “chain rule”

(37) SH) = 1(EDe) TED)

holds for almost every ¢t € (t,—1,t,) (cf [15, Corollary 3.50]). Since P is a
countable partition of [0,7"), H is differentiable almost everywhere on (0,7)
and (3.7) holds for almost every ¢t € (0,7). By condition (3.4) and since U C



20 DANIEL HAUER AND JOSE M. MAZON
[g > 01N [0'(E(|¢)) > 0], we can apply Kurdyka-Lojasiewicz inequality (3.1)
to v = v(t) for almost every ¢ € (t9,T). Then by (2.6),

(3-8) —%%() 0'(E(u(t)|@)) g(v()) IW'](t) = [v'](2)

for a.e. t € (to,T). Now, let N > 1 such that ty € [ty_1,tn). With out loss
of generalization, we can assume that Tv_1 = t9. Then, integrating (3.8) over

(Ex 1, tw) gives

tn
[ W16)ds < 0E 0t 1l0) — 0 Cotale)
tn—1
for every n > N. By Definition 2.14, one has that

O(E((tn—)|e)) = 0(E(v(th+)|e)) for every n > N.

Thus, for every integer M > N,

tar M tn
[ wieas=3 / o
tn—1=to n=N Y tn—

M
< OE@tot)le) + Y (- n=)#)) +0(E(v(tat)|p))
n=N

< O(E(v(to+).

Now, sending M — oo in these estimates yields

T
[v'](r) dr < 0(E(v(to)]#)).

to

Combining this with the fact that [v'|f, 1) € LP(t,—1,t,) and using Hélder’s
inequality leads to

¢ to T
/O\U\(r)dr—/o W)y dr+ [ 1)) dr

to

< ( /0 WP dr) " aE )l

Thus, the piecewise p-gradient flow v has finite length provided T' < co. The
case T' = 400 is shown similarly since by hypothesis, the map t — E(v(t)|e)
is bounded on [tg, +00) and so, v has finite length. This completes the proof
this theorem. O

3.3. Talweg implies KL-inequality. We start this section by introducing
the following assumption on the functional £ and the strong upper gradient g
of € (cf [16] in the Hilbert space framework).

Assumption 3.1 (Sard-type condition). For the proper functional £ : 9 —
(—00, +00] with strong upper gradient g and equilibrium point ¢ € Eg, let

(H1) the set U C M satisty U N[E(|p) > 0] C [g > 0].

Remark 3.7. The following statements are worth mentioning.
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(1) If for p € E4 and U C [0'(E(-|¢)) > 0], the functional & satisfies the
following stronger form of Kurdyka-Lojasiewicz inequality:

(3.9) g(v) > 1/0'(E(v]p)) for all v e U,
where 0 € WI’I(R) is a strictly increasing function satisfying 6(0) = 0,

loc

then for the set U hypothesis (H1) holds and & satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on U.

(2) Examples to (1): if for ¢ € E,, £ satisfies a Lojasiewicz-Simon in-
equality (3.3) with exponent o € (0,1] on the set 4/ C D(E) then &
satisfies (H1) on U.

(3) If the functional €& and ¢ € E4, the set U C [E(-|¢) > 0] satisfies
hypothesis (H1), then for every ¢ € U N [g = 0], one has E(p|p) = 0.
In other words, (H1) is a Sard-type condition.

We come now to the definition of a talweg curve in M introduced by Kur-
dyka [44] in RN (see also [16] for the Hilbert space framework).

Definition 3.8. Let £ : M — (—o0, +00] be a proper functional with strong
upper gradient g. For ¢ € E; and R > 0, suppose the set & C [E(:]¢) < R]
satisfies hypothesis (H1) and ¢ € U. We set

su(r) = ﬁeum[ggfurs(go)} g(0) for every r € (0, R].

Then, for given C' > 1 and § > 0, we call a piecewise continuous curve x :
(0,9] — M a talweg curve through the C-valley

Voule) = {v e Un[ECle) > 0] | g(v) < CaulE(vle)) }
if x satisfies
(3.10) z(t) € Veul(p) for every t € (0,0] and tgr(%ré’(:c(t)]go) =0.

Furthermore, we need that a talweg has the following reqularity.

Definition 3.9. For 6 > 0, a curve z : (0,0] — 9 is called piecewise AC if
there is a countable partition {I,,},>1 of (0,0] into nontrivial intervals I,, =
(an,bn) C (0, 6] such that x € AC(I,,, ) for all n > 1.

Remark 3.10 (Existence of a talweg curve). If for ¢ € E; and R > 0, a
functional & satisfies the stronger inequality (3.9) on a set

UC[E(Clp) < RINE(E(]p)) > 0],
then one has that
sy(r) >1/60'(r) for every r € (0, R] N[0 < &'(r) < o0).

We emphasize that the existence of a talweg curve depends on the controlla-
bility of sy(r) from below with respect to 7.

Our first theorem of this subsection provides optimal conditions on the
talweg curve implying that the functional £ satisfies a Kurdyka-Lojasiewicz
inequality (3.1). The optimality on the talweg is shown in Example (4.2)
in Section 4.1 by investigating the smooth case (see, for instance [39] or the
examples in [25]), for which it is known that £ satisfies a Lojasiewicz-Simon
inequality with exponent o = 1/2.
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Theorem 3.11 (Talweg implies KL-inequality). Let £ : I — (—o00, +00]
be a proper functional with strong upper gradient g, and for ¢ € E, and R > 0,
suppose that the set U C [0 < E(-|¢) < R] satisfies hypothesis (H1). If there
are C > 1, 6 > 0, and a piecewise AC talweg x : (0,8] — I through the
C-valley Vou(p) such that

(3.11)  h(t) :=E(x(t)|p) for everyt € (0,6], h(0):= t£151+5(m(t)|¢),

is a strictly increasing function h : [0,8] — [0, R] satisfying h € Wli’cl(o,é),

h(0) =0 and |{h' = 0} = 0, then there is a subset UCUN0 < E(|e) < RJ
such that for every v € U, one has
1

312 WY (ERNIW) 2 G

In addition, if |2'| € L*°(0,0), then £ satisfies a Kurdyka-Lojasiewicz inequal-
ity (3.1) on U.

with t = K™Y (E(v])).

Remark 3.12. We note that in Theorem 3.11, the hypotheses imply that A
is a homeomorphism. In the smooth case (see, for instance, Example 4.2
in Section 4.1), one can show that h : (0,0) — (0, R) is, in fact, at least a
Cl-diffeomorphism and the talweg z € C*((0,4); ) N C([0, 5]; M).

Proof of Theorem 3.11. We begin by defining the strictly increasing homeo-
morphism 6 : R — R by setting

LY R)(r—R)+h Y(R) ifr>R,

B hil(r) if r € [0, R,
o(r) = R (=) if r € [-R, 0],
—h"Y(R)(r+ R) —h~Y(R) ifr < —R.

By hypothesis, |{i’ = 0}| = 0. Thus, § € W,>! (R) and
t=(0oh)(t)=0(E(x(t)|)) for every t € [0, 0].

Since h is strictly increasing and since 6 € V[/ﬁ)c1 (R), the chain rule (cf [15,
Corollary 3.50]) implies that

SOE@nle)) = #(EGD)) TEEDI)

for almost every ¢ € (0,0). Since ¢'(E(x(-)|¢)) is positive on (0, ), and since
g is a strong upper gradient of £, inequality (2.6) yields that

1= %(9 o h)(t) = 9’(5@@)@))%5@;@)) < 0'(E(z(t)le))g(x(t)) |2'I(t)

for almost every t € (0,d). Since z(t) € Veou(p) for every t € (0,0] and
by hypothesis (H1), g(x(t)) > 0 for all ¢t € (0,6]. Thus, the previous inequality
yields that

(3.13)  O(E(z(t)|p))g(x(t)) =

Next, we set

>0  for almost every t € (0,9).

|2'[(2)

P = {t € 10, 4] ‘ 0<h(t) < +oo, 0 < |2|(t) < —l—oo}.
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Since [{h' = 0}| = [{|2'| = 0}] = 0, the sets Z := [0,0] \ P satisfies |Z| = 0
and since h € VVZIOC1 (0,9), the set £ := h(Z) satisfies |£| = 0. Further, one has
that the interval [0, R] = h(P)U L and 0 < (h™!) < co on h(P).

Now, let U := [0 < E(:|¢), E(-]¢) € h(P)|NU and take v € U. Then
r:= E|p) € (0,R] and r € h(P). Thus, there is a unique t € P such that
h(t) =r, 0 < |2'|(t) < 400 exits and

(3.14) E(x(t)lp) = hi(t) = 7 = E(v]p).
Since x(t) € Vou(p) and by (3.14), we see that
9(z(t)) < Csy(E(x(t)|p)) = C inf g9(0) < Cg(v).

deUN[E=(E(z(t)]9))+E(p)]
Since t € P, z(t) also satisfies (3.13). Thus, and by using again (3.14),
1
2](0) < O(E(x(t)]p)) g(x(t) < 0'(E(x(t)]9))C g(v) = §'(E(vle)) C g(v),
which is inequality (3.12). If, in addition, |z'| € L%°(0,0), then & satisfies a
Kurdyka-Lojasiewicz inequality (3.1) on the set U for the strictly increasing

function 6 := [12"]]| oo (0,5) C 0. This completes the proof of this theorem. [

In our next result we replace the condition |z'| € L°°(0,T) by |2/| € L*(0,T).

Theorem 3.13 (Talweg implies KE-inequality, Version 2). Let £ : M —
(—00, 4+00] be a proper functional with strong upper gradient g, and for ¢ € E,
and R > 0, suppose the set U C [0 < E(-|p) < R] satisfies hypothesis (H1).
Further, suppose the set D C U is nonempty and the function

(3.15) 7= sp(r) := g(0) s lower semicontinuous on (0, R].

inf
eDN[E=r+E(p)]
If for C > 1, there is a piecewise AC talweg x : (0, R] — Vop(p) satisfying
(3.16) E(x(r)|p)=r for every r € (0, R],

and |2'| € LY(0,R) (that is, x has finite length v(x)), then there is a set
UCUNI[0 < E([p) < R such that & satisfies a Kurdyka-Lojasiewicz inequal-
ity (3.1) on U.

Our proof adapts an idea from [10] to the metric space framework.

Proof of Theorem 3.13. Let x : (0, R] — 9t be a piecewise AC' talweg through
the C-valley Vo p around ¢ satisfying (3.16) with |2/| € L*(0,R). If D C U is
a nonempty set such that (3.15) holds, then by hypothesis (H1), the function

1
3.17 u(r) (= - — for every r € (0, R
( ) ) lnfﬁem[s:rw(@)]g(?}) Y ( |

is measurable, strictly positive and upper semicontinuous on (0, R]. By (3.16),
(2.6), and since z(r) € Vo,p(p) for every r € (0, 0], we see that

d

= HECOID) <glal) i <€t o) 1))

for almost every r € (0, R). Since |2/| € L'(0, R), the function u € L'(0, R).
Now, due to [16, Lemma 45], for the measurable function u given by (3.17),
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there is a continuous function @ : (0, R] — (0,+o00) satisfying & > u and
@€ L'(0,R). Now, let 6 : R — R be defined by

R
/a(r)dr(s—R—i—l) it s > R,
0
/ﬂ(r)dr if s € [0, R],
0

(3.18) o(s) = .
_/0 a(r) dr if s € [-R,0),

R
/ a(r)dr(s+ R+1) ifs<—-R
\ 0

for every s € R. Then, § € § € CY(R\ {0}) N C(R) N VV&);(R) is strictly
increasing, satisfies #(0) = 0. In particular, for every v € U N[0 < E(-|p)],
setting r = £(v|y) yields

0'((v]p)) g(v) = u(r) g(v) > 1,
proving that & satisfies a Kurdyka-Lojasiewicz inequality (3.1) near ¢. a

3.4. Existence of a talweg curve. Here, our aim is to provide sufficient
conditions implying the existence of a talweg curve through a C-valley Ve ()
of a given functional £ near an equilibrium point ¢ € E,.

For our main result, we need that the functional &£ : 9t — (—o0, +00] and
the strong upper gradient g of £ satisfy the following two conditions.

Assumption 3.2. Suppose, for the proper functional £ : 9 — (—o0, +00]
with strong upper gradient g the following hold.

(i) For every vy € D(E), there is a unique p-gradient flow v of € with
initial value v(0+) = vo;
(ii) The mapping S : [0,400) x D(E) — D(E) defined by
(3.19) Syug = v(t) for all t > 0, vg € D(E),

is continuous, where v is the p-gradient flow of £ with v(0+4) = vo;
(iii) For every vg € D(E) and p-gradient flow v of £ with initial value
v(0+4) = vp, the map ¢ — g(v(t)) is right-continuous on [0, +00).

Remark 3.14 (Gradient flows of evolution variational inequalities). Tt is well-
known (cf [32, Theorem 2.6], [31, Proposition 3.1]) that for functionals & :
M — (—o0, +0o0] on a length space (I, d) which are A-geodesically convex
for some A\ € R and satisfies coercivity condition (2.21) for 2-gradient flows v,
the mapping S : [0, +00) x D(E) — D(E) defined by (3.19) satisfies all three
conditions in Assumption 3.2. In this case, the descending slope |[D~E| is the
upper gradient of £ and £ generates a so-called evolution variational inequality
(see [32, Definition 2.4] and [7, Theorem 4.0.4]).

Assumption 3.3. Suppose, for the proper functional £ : M — (—o0, +00]
with strong upper gradient g and equilibrium point ¢ € E,, there are € > 0
and R > 0 such that the set

(3.20) Us,r == B(p,e) N[0 < E(|p) < R]

is relatively compact in 9.
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The next theorem provides sufficient condition for the existence of a talweg
curve in the metric space framework (cf [16, Theorem 18, (ii) = (iv)] in the
Hilbert space setting).

Theorem 3.15 (Existence of a talweg curve). Let £ : M — (—o0, +o0]
be a proper lower semicontinuous functional and g : 9 — [0, +00] a proper
lower semicontinuous strong upper gradient of £ satisfying Assumption 3.2.
Suppose, for ¢ € By, there are e > 0 and R > 0 such that for the set U r given
by (3.20) the Assumption 3.3 and hypothesis (H1) hold. Further, suppose,
there are 0 < eg < € and 0 < Ry < R such that the set D C U, r, given by

(321) D= {v € Uz o

there are v° € H%ORO, a p-gradient flows v of £
with 9(0+) = v° and tg > 0 s.t. H(tg) = v

is non-empty such that (3.15) holds and for every vy € H%O,RO and p-gradient
flow v of & with initial value v(0+) = vy, one has that

t
(3.22) v([0,¢)) C Uey R, fort > 0, implies / ['|(s)ds < %O.
0

Then, there are C' > 1, 0 < Ry < Ry, and a piecewise AC talweg x :
(0, R1] — M of finite length v(x) through the C-valley Vo p(p) of € satisfy-
ing (3.16) with R replaced by R;.

Proof. We begin by showing that due to hypothesis (3.22), the set D given
by (3.21) admits the following stability property:

(3.23) for every v € D, p-gradient flow ¢ of £ with 09(0+) = v
' and every t > 0 satisfying £(0(t)) > 0, one has 0(t) € D.

To see this, let v € D, © be a p-gradient flow of £ with initial value 9(0+) = v,
and ¢ > 0 such that £(0(t)|¢) > 0. Then, we show that 0(t) € D. For this, it is

sufficient to prove that 0(t) € Uz, r, and there is a wy € U 0 Ry and p-gradient
flow w of € satisfying @w(0+) = wp and there is a t > 0 such that w(f) = o(t).
Since v € D, there are wy € U 20 Ry and a p-gradient flow w of £ satisfying
w(04+) = wo, and there is a ty > 0 such that w(ty) = v. By E(0(t)|¢) > 0
and 9(0+) = v = 1(to), and since €(wolp) < Ro, the monotonicity of £ yields
that 0 < E(w(s)|e) < Rp for every s € [0,%p]. Since wy € Ueo g, and W is
continuous, there is a 0 < ¢ < ¢y such that w(s) € Uz, g, for every s € [0,4].
Thus, by (3.22),

(3:20)  d(is),p) < () wo) + dwn,p) < [ i) dr+ P <25
0

(firstly) for all s € [0,4], showing that w(s) € B(p,25) N[0 < E(-|¢) < Ro)
for every s € [0,0]. Since the right-hand side of (3.24) is independent of ¢,
and since 0 < E(w(s)|¢) < Ry for every s € [0,%p], we can conclude that
w(s) € B(p,2%) N[0 < &(-J¢) < Ro) for all s € [0,t]. Now, by 9(04) =v =
w(to), Assumption 3.2 implies that 0(s) = w(s +to) for every s € [0,t]. Thus,
assumption £(0(t)|p) > 0 yields that 0 < E(w(s)|¢) < Ry for every s € [0, ]
and so, w(s) € B(p,22) N[0 < E(-|¢) < Ry] for all s € [0,y + ], implying
that v(t) €€ Uz, r,- Moreover, we have shown that there is a wy € U%oﬂo,
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and p-gradient flow @ of £ satisfying w(0+4) = wg and there is a £ := tog+t > 0
such that @(t) = o(t).

Next, we show that D is closed in [0 < £(:|¢) < Rp|. To see this, let
(vn)n>1 €D and v € [0 < E(+|p) < Ryp| such that v, — v in M. By definition
of D, there are sequences (t9),>1 C [0, +00), (9),>1 C Zj%oﬂo and a sequence

(n)n>1 of p-gradient flows of € with initial value ©,(0+) = 99 satisfying

0 (t)) = v, for every n > 1. By the lower semicontinuity of &, there are
N > 1 and € > 0 such that E(v,|p) > € for all n > N. Since &£ o vy, is
non-increasing on [0, +00) and 9, (%) = vy,

(3.25) EWp)>é  foralln>N
In addition,
(3.26) I:= inf g(v) >0,

velley,roNIE(C|p)>E]

otherwise, there is a sequence (O5,>1) in Ue, g, N[E(-|p) > €] such that g(o,,) —
0 as n — oo. By Assumption 3.3, there is a © € Uy g, N[E(:|) > €] such that
up to a subsequence, ¥, — v in 9. Now, by the lower semicontinuity of g,
g(?) = 0. On the other hand, £(0) > ¢ and so, Assumption 3.1 implies that
g(0) > 0, showing that we arrived to a contradiction. Thus, (3.26) holds. Now,
since each 7, is a p-gradient flow of £ with initial value 9, (0+) = 00 € U 0 Ry»
energy dissipation equality (2.11) gives that
tO

0<t IV < /0 " g7 (ba(5)) ds = EWIp) — E(im(ta)lg) < E(0]p) < Ro,

showing that the sequence (t9),>1 is bounded. Thus, there is a ty > 0 such
that after possibly passing to a subsequence, t2 — ¢y as n — +o0o. Moreover,
by (3.25), (99),>n C H%O,Ro N[E(-|¢) > €]. Hence, Assumption 3.3 implies
that there is an 9y € H%o o N[E(|p) > €] such that after possibly passing
to another subsequence, ) — 9 in M. By Assumption 3.2, there is a p-
gradient flow ¢ of £ with initial value ©(0+) = 0. Now the continuity of the
mapping S : [0, +00) x D(E) — D(E) given by (3.19), we have 0(tp) = v and
so, 9(to) € [0 < £(+|¢) < Rp]. Thus and by stability property (3.23), v € D.

With these preliminaries, we begin now to construct a talweg curve z. First,
we defined the function sp : (0, Ro] — (0,00) by (3.15) on the interval (0, Ro]
and for C > 1, let

(3.27)  Ve(r) = {v eDNE=r+&(p)]|gw) < CSD(T)} C Vep(p).

By hypothesis, the set D C U, g, is non-empty. Thus, there are 0 < Ry < Ry
and vy € ﬁ%oﬂo such that £(vgl¢) = R;. By Assumption 3.2, there is a
p-gradient flow v of £ with v(04) = vg, and by stability property (3.23),
(3.28) v(t)eD for all t € [0,T) with E(v(t)|p) > 0.

Let T := inf{t > 0|E(v(t)|¢) = 0}. Then, since E(volp) = Ry > 0, the
continuity of v yields that 0 < T < 400 and

Jim E(u(t)[e) =0.
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By Proposition 2.16 and hypothesis (H1), £ o v is strictly decreasing on [0,7)
and by Proposition 2.11, £ ov is locally absolutely continuous on [0,7"). Thus,
by the intermediate value theorem, the mapping £ ov : [0,7) — (0, R1] is a
homeomorphism. Moreover, by (3.28), the set

Vo(r) #10 for all » € (0, R;] and all C' > 1.

To see this, assume that the contrary holds. Then, by (3.28), there are r; €
(0, R1] and Cy > 1 such that g(v) > Cysp(r) forallv e DN[E =71+ E(p)],
implying that 1 > C7, which obviously is a contradiction.

Now, for 1 < C; < % < C, let vg € V¢, (R1) and v be the p-gradient flow
of £ with initial value v(0+) = vg. By Assumption 3.2, the map ¢t — g(v(t))

is right-continuous. Thus, there is a T > 0 such that

g(o(t) < & . CSp(Ry)  forall t € [0,Ty).

By hypothesis, the function ¢ — Sp(E(v(t))) is lower semicontinuous. Hence,
there is a Th € (0, 7)) such that
ci+C
CSp(Ewnle) >
Combining these two inequalities on the interval [0,7}) yields that
i+ C
(329)  glo(t)) <
Since there might be some ¢t € (0,7}) such that v(t) # D, we need to apply the
continuity of the p-gradient flow v and stability property (3.23) to conclude
that there is a 0 < T\, < T} such that v(t) € D and (3.29) holds for all t € [0,T)
and so,

(3.30) u(t) € Vep(E(w(t)g))  for all t € [0,T2).

Recall, € o v is strictly decreasing and continuous on [0,7}]. Next, we
consider two cases:

S’D(Rl) for all t € [O, Tl)

Sp(r) < CSp(E((t)|p))  for all t € [0,T}).

1. Case : Suppose
(3.31) lim E(v(t)|p) =0.

t—Ty—

Then, E(v(:)|e) : [0,T%] — [0, R;] is a strictly decreasing homeomorphism.
By Proposition 2.16 and due to hypothesis (H1), £(v(:)|¢) € WL(0,T,) sat-
isfying %E(U(t)hp) < 0 for ae. t e (0,7). Let h : [0,T,] — [0,Ry] be
defined by h(t) := E(v(T, —t)|¢) for every t € [0,T%]. Then, h also belongs to
W10, T,)NC([0,T,]), h is strictly increasing, [{}/(t) = 0}| = 0 and h(0) = 0.
Now, we defined the curve x : [0, R1] — 90 by
(3.32) z(r) =v(h~'(r))  for every r € [0, Ry].

Then, by (3.30) and by construction of ifl, x is a talweg through the C-valley
Vep(p) satistying

(3.33) z(r) € Vep(E(x(r)|e)) for all r € (0, Ry].

and (3.16) with R replaced by R;. Since h € WL1(0, ) satisfying h’ > 0 a.e.
on [0,4], the inverse h™! satisfies Lusin’s condition (N) on [0, B;] and hence
h=t € WbH(0, Ry), implying z = v o h™! € AC},e(0, R1;9M). Furthermore,
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by (3.32), z is p-gradient curve of £ and by (3.33), z((0,R1]) C D. Since
D C Ue,.r,, hypothesis (3.22) yields that x has finite length ~(z).

2. Case : Suppose

(3.34) lim E(v(t)|p) =EW(T)|e) >0

t—=Tv—
Then, by stability property (3.23), v(Ty) € Vo(E(v (T*)| )) Now, the above
argument shows that iteratively, for fixed 1 < C) < @4 < © setting ry =
Ry, véo) = v, to = Tk, 1 = E(v(to)]e), v (t ), and v; = v, and for

every integer n > 1, there are r,, € (0, 7,— 1) ( ) ¢ Vo, (rn-1), t, > 0, and a

p-gradient flow vy, of & satisfying v, (0+) = o ) and if £(v(t,)|¢) > 0 then by
stability property (3.23),

(3.35) va(t) € Ve(E(ua(t)]@))  for all ¢ € [0, £].

Moreover, there is a strictly increasing homeomorphism Bt s [rn,re1] —
[0,t,] satisfying h;l(rn_1) = 0, h (rn) = tn, hi' € Wh(ry,ry 1) with
{(h;1) = 0} = 0. Thus, z, := vy 0 h™' € AC(rp,7n— 1;93?). In addition, by
construction of !, for every r € [rp, 1], there is a unique ¢ € [0,%,] such
that b (r) =t and E(vp(t)|p) =.

Now, if there is an N > 1 such that the curve vy is the first among {v, nN:_11
satisfying the limit (3.31) where T} is replaced by ¢y, then ry = 0 and there
is a finite partition

P O=ry<ry_1<:---<ri<rg=~R;
of the interval [0, R;] and a curve z : [0, R;] — 9 defined by

(3.36) z(t) = Zvn(ﬁgl(t)) L(, () forevery t € [0, Ry]

which is a piecewise AC talweg through the C-valley Vo p(yp) satisfying (3.16)
for R replaced by Ry and =, . ,] = Tn € AC(1y,7,-1;90). Furthermore,
by (3.36), x is piecewise p-gradient curve of £ and by (3.35), z((0, R;]) C D.
Since D C Ue, Ry, hypothesis (3.22) yields that = has finite length ().

If for every integer n > 1, v, satisfies (3.34) with T} replaced by t,, then
stability property (3.23) yields that each v, satisfies (3.35) with ¢ = ¢,,. There
is an a € [0,R;) such that the family {(r,,7n—1]}n>1 defines a countable
partition of the interval («, R;] and the function zo : (a, Ri] — Vep(p)
defined by

(3.37) To(t) = Zvn(ﬁrjl(t)) ]l(rn,rn—ﬂ(t)
=0
for every t € (a, R;] has the properties that z, € AC((ry,rn—1], M) for all
n>1, and
(3.38) za(t) € Vop(E(zn(t)|p)) for all t € («a, R1]

and

(3.39) E(xa(r)|p) =1 for every r € (o, Rq].
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Moreover, by (3.37), z is piecewise p-gradient curve of & and by (3.38),
z((0, R1]) € D. Since D C Ue, Ry, hypothesis (3.22) yields that x has finite
length ~(z).

Let T be the set of all pairs (a,z,) for every a € [0, R1) and curves z :
(o, R1] = Vep(p) of finite length v(x,) satisfying (3.38), (3.39), and there is
countable partition {I,, },>1 of (a, Rq] of nontrivial intervals I,, C (0, R;], for
which z, € AC(I,,, M) for all n > 1. Then, due to the function x, constructed
in (3.37), the set T is non-empty. We can define a partial ordering “<” on T
by setting that for all («,zy), (&, zs) € T, one has

(o, 20) < (G, 24) if & < a and z4(a,r,] = Ta-

Then, by Zorn’s Lemma, there is a maximal element (ag,zq,) € 7. If we
assume that ag > 0, then by stability property (3.23),

z(ao) € Vop(€(z(ao)l®))

and so by using the same arguments as given at the beginning of Case 2.,
we construct an element (&,zs) € T satisfying (ap,Za,) < (&,24), which
contradicts the fact that (g, q,) is the maximal element of 7. Therefore,

€gp = 0 and thereby we have shown that there is a piecewise AC talweg
Zay ¢ (0, R1] = Vep(p) through the C-valley Vo p(p) of finite length v(zq,)
satisfying (3.16). This complete the proof of this theorem. O

Due to Theorem 3.15, we can characterize the validity of the Kurdyka-
Lojasiewicz inequality (3.1) for functionals £ defined on a metric space.

Theorem 3.16 (Characterization of KL inequality). Let £ : M —
(=00, +00] be a proper lower semicontinuous functional and g : M — [0, +00]
a proper lower semicontinuous strong upper gradient of £ satisfying Assump-
tion 3.2. Suppose, for ¢ € Ey, there are e > 0 and R > 0 such that the setU; gr
given by (3.20) satisfies Assumption 3.3 and hypothesis (H1) holds. Further,
suppose, there are 0 < eg < € and 0 < Ry < R such that the set D C U, R,
given by (3.21) is non-empty and (3.15) holds.
Then the following statements are equivalent.

(1) (€ satisfies a KL inequality) There is an 0 < Ry < Ry such that £
satisfies Kurdyka-ELojasiewicz inequality (3.1) on

U:=UxrN[0<E(C|p) < Ry

(2) (p-gradient flows of finite length) There is an 0 < Ry < Ry such
that for 0 < T < oo, every piecewise p-gradient flow v : [0,T) — M of
& satisfying (3.4) for some 0 < tq < T and with U replaced by U, has
finite length y(v) given by (2.3). In particular, there is a continuous,
strictly increasing function 6 € W’;CI(R) satisfying 6(0) = 0 such that
for every p-gradient flow v : [0,T) — M of € satisfying (3.4), one has
that (3.5) holds.

(3) (Existence of a piecewise AC-talweg) There are C > 1,0 < Ry <
Ry and a piecewise AC talweg = : (0, R1] — I of finite length ~y(x)
through the C-valley Vo p(p) satisfying (3.16) with R replaced by R;.



30 DANIEL HAUER AND JOSE M. MAZON

Proof. We only need to note that the implication (1) = (2) is a consequence
of Theorem 3.5, (2) = (3) holds by Theorem 3.15, and (3) = (1) follows from
Theorem 3.13. O

3.5. Trend to equilibrium of p-gradient flows in the metric sense.
This subsection is dedicated to establishing the trend to equilibrium in the
metric sense of p-gradient flows in metric spaces. The following theorem is the
main result.

Theorem 3.17 (Trend to equilibrium in the metric sense). Let £ :
M — (—o0, +o0| be a proper functional with strong upper gradient g, and v be
a p-gradient flow of € with non-empty w-limit set w(v). Suppose, & is lower
semicontinuous on Zz(v) for some t > 0 and for ¢ € w(v) NE,, there is an
e > 0 such that the set B(p,¢e) satisfies hypothesis (H1).

If there is a strictly increasing function 6 € T/VZZCI(R) satisfying 0(0) =
0 and |[0 > 0,0 = 0]] = 0 such that € satisfies the Kurdyka-Lojasiewicz
inequality (3.1) on

(3.40) U = B(p,e) N[E(|p) > 0] N[I'(E(]»)) > 0],
then v has finite length and
(3.41) tlgglo v(t) = in M.

Remark 3.18 (w-limit point and points of equilibrium). Note, due to state-
ment (3) of Proposition 2.38, if the strong upper gradient g of £ is lower
semicontinuous on M, then one has that w(v) C E,.

Remark 3.19 (Consistency with the Lojasiewicz-Simon inequality). The func-
tion € given by (3.2) satisfies the condition |[[# > 0,0" = 0]| = 0 in Theo-
rem 3.17.

Proof of Theorem 3.17. Let ¢ € w(v) NEy. Then, there is a sequence (t,)n>1
such that ¢, 1 oo and
(3.42) lim v(t,) =¢ in 9.

n—oo
Since £ is lower semicontinuous on Z7(v) for some ¢ > 0, Proposition 2.38
implies that limit (2.23) holds. Thus and since £ is a strict Lyapunov function
of v, to show that the limit (3.41) holds, it is sufficient to consider the case
E(v(t)|p) > 0 on [0, +00).

By hypothesis, for ¢ € w(v) NEy, there is € > 0 such that the set B(p,¢)
satisfies hypothesis (H1) and & satisfies a Kurdyka-Lojasiewicz inequality on
the set U, given by (3.40). Thus, we intend to apply Theorem 3.5 to v. For
this, we need to show that v satisfies condition (3.4) with U replaced by U,
and for some 0 <ty < T = +o0.

By (3.42), there is a ng > 1 such that

(3.43) v(ty) € B(p,¢) for all n > ny.
The, for every n > ng, we define the first exit time with respect to t, by

(3.44) t() = inf {t>tn|d(v(t),p) =¢}.
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Since v is continuous on (0, 00) with values in 9, it follows that ) > t, for
every n > ng. To see that v satisfies (3.4) with U replaced by U. and T' = +o0,

we need to show that there is an ny > ng such that tﬁ}l) = 400.
To prove this claim, we assume that the contrary is true and we shall arrive
at a contradiction. Then,

0<tn<t(1)<oo for all n > nyg

n

and by the continuity of v, we see that

(3.45) dv(t)), o) =« for all n > nyg.

n

By hypothesis, there is a strictly increasing function 6 € VVlicl (R) satisfying
6(0) =0 and |[@ > 0,0" = 0]| = 0. We use the auxiliary function H from (3.6)
on the interval (0,+00). Since 8 € ACj,.(R) and ¢t — E(v(t)|¢) is decreasing,
H is differentiable a.e. on (0,+00) and the chain rule (3.7) holds for a.e.
t € (0,400). Since E(v(t)|¢) > 0 on (0,400) and |[# > 0,0 = 0]| = 0, we
have that 6'(E(v(t))|e) > 0 for a.e. t € (0,400). Thus, for every n > no,
v(t) € Ue for a.e. t € (t,,t.) and so by Kurdyka-Lojasiewicz inequality (3.1),
we can conclude that inequality (3.8) holds for a.e. t € (t,,t.). Integrating
inequality (3.8) over (t,,t) for t € (¢, t%l)] and using Proposition 2.4 together
with the fact that H(¢) > 0 for every ¢t > 0, we get

d(v(t), ) < d(v(t), v(tn)) +d(v(tn), )

(3.46) - t|v/|(r) dr + d(v(tn), ©) < H(tn) + d(v(tn), @)

tn

for every t € (tp, t,(zl)] and n > ng. In particular,

A1), ©) < H(tn) + d(v(tn), )  for all n > ng
By limit (2.23), the continuity of €, and since 0(0) = 0, we have that
tlgglo H(t) = 0.
Thus and by (3.42), we can conclude that
' (1) —
nhﬁngo d(v(t;,”),¢) =0,

which contradicts (3.45). Therefore, our assumption is false and our claim that
there is a nq > ng satisfying t}“ = +o00 holds, proving condition (3.4) for some
0 <ty < T = 400 where U is replaced by U,. Thus, Theorem 3.5 yields that
the p-gradient flow v has finite length. In other words, the metric derivative
|v/| of v belongs to L'(0,00) and by (2.1) with m = |[/|, we can apply the
Cauchy criterion to conclude that limy_, 1 v(t) exists in 9. By (3.42) this
limit needs to coincide with limit (3.41) and therefore the statement of this
theorem holds. O

3.6. Decay rates and finite time of extinction. In contrast to the general
Kurdyka-Lojasiewicz inequality (3.1), the Lojasiewicz-Simon inequality (3.3)
has the advantage to derive decay estimates of the trend to equilibrium in
the metric sense and to provide upper bounds on the extinction time. We
emphasize that p-gradient flows trend with polynomial rate to an equilibrium
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in the metric sense if the Lojasiewicz-exponent 0 < o < 1/p, with exponential
rate if & = 1/p and p-gradient flows extinct in finite time if 1/p < o < 1.

Our next result generalizes (partially) the ones in [10], [27, Theorem 2.7 &
Remark 2.8] in the Hilbert space setting, and [15] in the 2-Wasserstein setting.

Theorem 3.20 (Decay estimates and finite time of extinction). Let
E: M — (—o0,+0ox] be a proper functional with strong upper gradient g, and
v be a p-gradient flow of €& with non-empty w-limit set w(v). Suppose, & is
lower semicontinuous on Zz(v) for some t > 0, and for ¢ € w(v) NE, there
are e > 0, ¢ > 0, and o € (0,1] such that £ satisfies a Lojasiewicz-Simon
inequality (3.3) with exponent a on B(p,e) N D(E). Then

_a(p=1)
d(v(t), ¢) < £ (E@BIe) = O (t ) ooy
R
)<cp P <ep (E@t)le)? e 7 ifa=]
~ a(p— }) . h
L f—t) pa- if tost=t, if+<a<l,
ift>t, ’
where,
- a(pi—i)
. 115 =
C .= |:|:Oza_10:| ap((;—l) ’

. sasls ob a1 =5
ti=to+ =D cal-D S (E(v(to)|p)) *@D,

and tg > 0 can be chosen to be the “first entry time”, that is, to > 0 is the
smallest time to € [0,400) such that v([to, +00)) C B(yp,¢).

Proof. As in the previous proof, it remains to consider the situation, when

E(v(t)) > E(p) for all t > 0. In addition, we assume that &£ satisfies a

Lojasiewicz-Simon inequality for exponent o € (0,1] on B(g,e) N D(g). In

this case, the function 6 is given by (3.2) and so, H defined in (3.6) reduces to
c

(3.47) H(t) = — (E(v(®)|p))”

a

for every t > 0. Let ty > 0 be the first entry time of v in B(y,e). By Theo-
rem 3.17 and since v(t) € D(g) for a.e. t € (0,400), v satisfies condition (3.4)
for 0 <ty < T = +oo where U is replaced by B(p,e) N D(g) and so, we can
apply the Lojasiewicz-Simon inequality (3.3) to v = v(t) for a.e. t € [tg, +00).
Moreover, the function # is differentiable a.e. on (0, +o00) and chain rule (3.7)
holds for a.e. t € (0,400). Thus and since v is a p-gradient flow of £ with
respect to strong upper gradient g, we can conclude by (2.10) that

-0 =€l (- )

dt
E((t))* " glu(®)”
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for a.e. t € (tg, +00). Therefore, for a.e. t € (tp, +00), one has

d _ 1-pa 1P g . 1
&H a1 (1) > [k © a(pfof) if 0<a<j
d 1 p’a—1 1 . 1
alOgH(t) < - [W] = T if a= p

d _ pe-t1 1 Pl -1 ; 1
aHa(p71> (t) S - [af"_lc] “ Ozp(cjx)fl) if 5 <a S 1.

Integrating these inequalities over (to,t) for any ¢t > ty and rearranging the
resulting inequalities yields

_oa(p—1)
p/—1 1— _ 1-pa 1-pa .
H(t) < [aal—lc} “ a(pgci) (t—to) +H @D (to) if0<a< 1137
H(t) < H(tp)e »e if o=,
and in the case % <a<l,
pa—1 p/ =1 _1 pa—1
WA () <[] T 2000 -0+ KD ()

for every t > tg. Now, for
N oc(p—l) a711 1 - apfll
t=1to+ <= =V colrm H(E(w(to)lp)) P,

if t = £, then the right hand side in the latter inequality becomes 0 and hence
H(t) = 0. By (3.47) and since & is a strict Lyapunov function of v, this implies
that v(t) = ¢ for all t > £. Finally, by (2.5), (3.8) and Theorem 3.17, we have

d(v(t), ) < / ) (s)ds < H(t)

for every t > ty. Therefore, the previous three inequalities yield the claim of
this theorem. O

As an immediate consequence of Theorem 3.20, we obtain the well-known
exponential convergence result (cf [7, Theorem 2.4.14]) of 2-gradient flows of
functionals £ defined on a length space 9t and which are A-geodesically convex
for some A > 0. Corollary 3.21 shows that the approach using the Lojasiewicz-
Simon inequality provides the same rate of convergence and so, this theory is
consistent with the classical one.

Corollary 3.21. Let (9, d) be a length space and € : M — RU{+o0} a proper,
lower semicontinuous functional that is A-geodesically convex for X > 0 and
admit a global minimizer ¢ € D(E). Then, every gradient flow v of € satisfies

d(v(t),p) =0 (e_/\t) as t — oo.

Remark 3.22. We note that a similar statement of Corollary 3.21 can not
hold for geodesically convex functionals £ since the class of convex, proper and
lower semicontinuous functionals on Hilbert spaces belong to this case where
the counter-example [13] by Baillon is known.
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3.7. Lyapunov stable equilibrium points. In this subsection, our aim is
to show that if a functional & satisfies a Kurdyka-Lojasiewicz inequality (3.1)
in a neighborhood of an equilibrium point ¢ € E, of £, then the Lyapunov
stability of ¢ can be characterized with the property that ¢ is a local minimum
of €. This result generalizes the main theorem in [1] for functionals £ defined
on the Euclidean space RV and satisfying a Lojasiewicz inequality (1.7).

We begin by recalling the notion of Lyapunov stable points of equilibrium.

Definition 3.23. For a given proper functional £ : 9 — (—o0, +00] with
strong upper gradient g a point of equilibrium ¢ € E, of £ is called Lyapunov
stable if for every € > 0 there is a 6 = d(¢) > 0 such that for every vy €
B(p,0)ND(E) and every p-gradient flow v of £ with initial value v(0+) = vy,
one has

(3.48) v(t) € B(yp,¢) for all t > 0.

The property that an equilibrium point ¢ of £ is Lyapunov stable is a local
property. To characterize such point, we need the following assumption on the
existence of p-gradient curves with initial values in a neighborhood of ¢.

Assumption 3.4 (Ezistence of p-gradient flows for small initial values). Sup-
pose, for the proper energy functional £ : M — (—o0, +00] with strong upper
gradient g and given £ > 0 and ¢ € D(E) the following holds:

for allvy € D(E) N B(p,¢), there is a p-gradient flow v of & with v(0+) = vg.
The next theorem is the main result of this section.

Theorem 3.24 (Lyapunov stability and local Minima). Let £ : I —
(=00, +00] be a proper, lower semicontinuous functional and g be a with proper
strong upper gradient of £. Then the following statements hold.

(1) Suppose g is lower semicontinuous and for ¢ € Eg4, there is a € > 0
such that € is bounded from below on B(y,¢), € and g satisfy Assump-
tion 3.4, the set

(H1*) B(p,e) N[E(|p) #0] is contained in  [g > 0],
and there is a strictly increasing function 6 € VV&)’CI(R) satisfying 0(0) =

0 and |[0 # 0,0 = 0]| = 0, for which & satisfies a Kurdyka-Lojasiewicz
inequality (3.1) on

(3.49) Uz == B(p,e) N[E(]p) # 0] N [0"(E(|¢)) > 0.

Then, if @ is Lyapunov stable, @ is a local minimum of £.

(2) Suppose for ¢ € Eg, there is an € > 0 such that

(3.50) {for every n > 0, there is a 0 < 6 < € such that

E(vlp) <n for allv € B(p,d) N D(E),

the set B(p,e) N [E(:|p) # 0] satisfies (H1*), and there is a strictly
increasing function 0 € Wlicl(R) satisfying 6(0) = 0 and |[0 # 0,6 =
0] = 0, for which & satisfies a Kurdyka-Lojasiewicz inequality (3.1)
on U-. Then, if ¢ is a local minimum of £, v is Lyapunov stable.

Remark 3.25. Concerning Theorem 3.24, we note the following.
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(1) The hypothesis that £ is bounded from below on B(yp,¢) is a necessary
condition for ¢ being a local minimum of &£.

(2) If the functional £ is continuous at the equilibrium point ¢ € E4, then
£ is necessarily locally bounded and satisfies condition (3.50).

Proof of Theorem 3.24. We begin by showing that statement (1) holds. To do
this, we prove the contrapositive. Thus, suppose ¢ is not a local minimum of
E. Then we shall show that there is € > 0 such that for every § > 0 there is a
v) € D(E)NB(p,d) and a p-gradient flow vs of € with initial value vs(0+) = v
satisfying

(3.51) v([0,+0)) € B(p,e).

If ¢ is not a local minimum of &£ then for every § > 0 there is a v) € D(E) N
B(yp, ) satisfying

(3.52) E(wsle) < Eelp) = 0.

Now, by hypothesis, there is an ¢ > 0 and a strictly increasing function
0 € Wl (R) satisfying (0) = 0 and |[# # 0,6/ = 0]| = 0, for which &
satisfies a Kurdyka-Lojasiewicz inequality (3.1) on U.. For every 0 < § < ¢,
Assumption 3.4 ensures that there is a p-gradient flow vs of £ with initial
value v5(0+) = v € D(£) N B(yp, ) satisfying (3.52). Since & is a Lyapunov
function of vs (cf Proposition 2.38), inequality (3.52) implies

(3.53) E(us(t)lp) < E(vs(04)lp) < E(plp) =0 forall £ > 0.

If we assume that vs satisfies (3.48), then by (3.53) and since |[# # 0,6 =
0]| = 0, the trajectory vs satisfies condition (3.4) in Theorem 3.5 with 0 =
to < T = 400, where U is replaced by U.. Since & satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on U, and since £ is bounded from below on U,
we can conclude that vs has finite length. Since 91 is complete, there is an
element ¢ € B(p,¢) such that vs(t) — ¢ in MM as t — oo. By hypothesis,
€ and g are lower semicontinuous, and £ is bounded from below on B(y,¢€).
Thus, Proposition 2.38 yields that g(¢) = 0. But on the other hand, by (3.53),
IE(Zlp)] > 0 and so, by hypothesis (H1*), g(¢) > 0 which is a contradiction
to g(¢) = 0. Thus, our assumption is false, and therefore we have shown
the existence of a p-gradient flow vs satisfying (3.51). Since this holds for all
0 < < %, we have thereby proved that ¢ is not Lyapunov stable.

Next, we prove that statement (2) is true. Thus, suppose ¢ is a local
minimum of £. Then, there is an 7 > 0 such that

(3.54) E(vlp) >0 for all v € B(p,r)ND(E)

By hypothesis, there are £g > 0 and a continuous strictly increasing function
0 € Wh!(R) satisfying 6(0) = 0 and |[0 # 0,0’ = 0]| = 0, for which € satisfies
a Kurdyka-Lojasiewicz inequality (3.1) on the set U,. Now, let 0 < ¢ < &o.
Then by (3.50), there is a 0 < § < min{§, r} such that

(3.55) E(vlp) < 9_1(%) for every v € B(p,d) N D(E).

Now, let vg € B(p,d0) N D(E) and v : [0,+00) — M be a p-gradient flow
of £ with initial value v(0+) = vyp. Then by the continuity of v, there is a
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0 < T < +00 such that
(3.56) v(t) € B(p,¢) forall0<t<T.

Hence, by (3.55), since [[0 # 0,0’ = 0]] = 0, and since § and ¢ < gy, we
have that v(t) € U, for a.e. 0 < t < T. Since & satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on U., we can apply Theorem 3.5 to conclude
that the restriction vy := vjo 1y of v on [0, 7)) has finite arc-length y(vr). Let
T = sup{T > 0]v([0,T)) € B(p,e)}. Then, to complete this proof, it re-
mains to show that T'= +o00. Thus, assume that T is finite and then we shall
arrive to a contradiction. By Lemma 2.6, we can parametrize the curve vy by
its arc-length v(vr) on (0,7). Let 07 : [0,y(vr)] — 9 be this reparametriza-
tion of vp by its arc-length. Then, 07 is a p-gradient flow of £ with metric
derivative |0'| = 1 a.e. on (0,v(vr)) satisfying satisfies (2.10) and vp(t) € U
for all t € [0,7(vr)). Thus and since £ satisfies a Kurdyka-Lojasiewicz in-
equality (3.1), we can conclude that
d d
L0E@(s)le)) = O'(E(0(s)l0)) T-E(3(s)lp)
= 0'(£(0(s)l)) (—=g(0(s))) [v'](s)
= —0'(£(0(s)l»)) 9(0(s))

< -1
for a.e. t € (0,v(vr)). Integrating this inequality from (0,y(vr)) leads to

(O(E0(r)lw)) = 0(E(volw))) < —v(vr).

Rearranging this inequality, then applying (3.54) and (3.55) and using the
monotonicity of § shows that the length «(vr) of v on [0,7") satisfies
€

1(or) < 0(E(l9) < 5

Therefore,
€
d(v(t), ) < d(v(t), vo) + d(vo, ) < (vr) + 5 <e.

Thus, by the continuity of v, and since we have assumed that 7' is finite, there
is a T > T such that v satisfies (3.56) for T replaced by 7”. But this is a
contradiction to the fact that 7' is maximal such that (3.56) holds, implying
that our assumption is false. Therefore, v satisfies (3.56) with T' = +o0.
Since 0 < € < g¢ and the p-gradient flow v with initial value v(0+) = vy €
B(p,d)ND(E) where arbitrary, we have thereby shown that the local minimizer
@ of £ is Lyapunov stable. O

3.8. Entropy-transportation inequality and KL inequality. In this last
part of Section 3, we show that a generalized entropy-transportation inequal-
ity (1.5) is equivalent to Kurdyka-Lojasiewicz inequality (3.1). We investigate
this in two cases; when &£ satisfies these inequalities locally and globally.

We begin by introducing the notion of local and global entropy-transportation
inequality (cf [01]).

Definition 3.26. A proper functional £ : 9t — (—o0, +00] with strong upper
gradient g is said to satisfy locally a generalized entropy-transportation (ET-)
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inequality at a point of equilibrium ¢ € E, if there are ¢ > 0 and a strictly
increasing function ¥ € C'(R) satisfying ¥(0) = 0 and
(3.57) inf d(v,3) < U(E(v]y))

@GEQOB(QD#S)
for every v € B(p,e) N D(E). Further, a functional £ is said to satisfy globally
a generalized entropy-transportation inequality at ¢ € K, if £ satisfies

(3.58) Ainﬂg d(v,¢) < ¥(E(v|p)) for every v € D(E).
pelly

Remark 3.27 (isolated equilibrium points). If a functional £ with strong upper
gradient g admits a point of equilibrium ¢ € E, satisfying

Ey N B(p,e) = {p}

for some £ > 0, then the generalized entropy-transportation inequality (3.57)
reduces to inequality (1.5). This is, for instance, the case when & is A-
geodesically convex with A > 0 (see Proposition 2.28).

The following theorem is our first main result of this subsection.

Theorem 3.28 (Equivalent between Local KL- and ET-inequality).
Let £ : M — (—o0,+00| be a proper, lower semicontinuous functional with
strong upper gradient g. Then, the following statements hold.

(1) (KL-inequality implies ET-inequality) Let g be lower semicontin-
uous and the equilibrium point ¢ € E, be Lyapunov stable. Suppose,
there is an € > 0 such that € is bounded from below on B(yp,¢), € and
g satisfy Assumption 3.4, and B(p,e) N [E(-|p) # 0] satisfies (H1*).

If there is a strictly increasing function 6 € I/Vli’cl(R) satisfying
0(0) =0 and |[0 # 0,6 = 0]| = 0 and such that £ satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on the set U given by (3.49), then € satis-
fies locally a generalized entropy-transportation inequality (3.57) at .

(2) (ET-inequality implies KL-inequality) Suppose ¢ € Eq4 is a local
minimum of £ and there is an € > 0 such that £ and g satisfy

(3.59) E(vlp) < g(v)d(v, ) for all v € B(p,e) N D(E).

If there is a strictly increasing function ¥ € C(R) satisfying ¥(0) =
0 and such that s — W(s)/s belongs to L} (R), and € satisfies a gener-

alized entropy-transportation inequality (3.57) on B(p,e)ND(E), then
E satisfies a Kurdyka-ELojasiewicz inequality (3.1) on U N [E(-]¢) > 0].

Remark 3.29. It is worth noting that every proper, A\-geodesically convex func-
tional & with A > 0 satisfies condition (3.59) with g = |D~&]| the descending
slope of & (see Proposition 2.23).

Remark 3.30 (The role of the set D(E) in Theorem 3.28 and “invariant sets”).
We note that Assumption 3.4 in Theorem 3.28 is only needed to establish
statement (1). Further, the proof of statement (1) in Theorem 3.28 shows,
that the set D(&) in the two inequalities (3.1) and (3.57) could be replaced
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by every subset D C D(E) which the flow map S : [0, +00) x D(E) — 2P©)
defined by (3.19) leaves invariant, that is,

(3.60) {for every vg € D and every p-gradient flow v of £ with

initial value v(0+) = vg, one has v(t) € D for all t > 0.
After these remarks, we turn now to the proof.

Proof of Theorem 3.28. We begin by showing that statement (1) holds. By
hypothesis, for ¢ € Eg4, there are ¢ > 0 and a strictly increasing function
0 e VVlic1 (R) such that & satisfies a Kurdyka-Lojasiewicz inequality (3.1) on
the set U. given by (3.49). Now, let v € D(E) N B(p,e). By Assumption 3.4
and since ¢ is Lyapunov stable, there is a p-gradient flow ¢ : [0, 4+00) — 9t of
& with initial value 9(0+) = v satisfying (3.48) and by Theorem 3.24, ¢ is a
local minimum of €. Thus, £(v(¢)|¢) > 0 for all ¢ > 0.

We set T := sup{t > 0| E(0(t)|p) > 0}. Then, we need to consider three
cases. First, suppose T' = +oo. Then, £(0(t)|¢) > 0 for all ¢ > 0. Since
[0 # 0,0 =0]| = 0 and the set B(yp,e) N[E(-|¢) > 0] satisfies (H1*), it follows
that 0(t) € U, for almost every t > 0. Since £ satisfies a Kurdyka-Lojasiewicz
inequality (3.1) on the set U, and since £ is bounded from below on B(y,¢),
Theorem 3.5 yields that ¢ has finite length (2.3). By the completeness of 9t
and by statement (3) of Proposition 2.38, there is a ¢ € E, N B(yp,¢) such
that 0(t) — ¢ in M as t — +oo. Moreover, the function 6 and o satisfy
inequality (3.5) in Theorem 3.5. Thus,

(3.61) d(v,9(t)) < /O [6'](s) ds < O(E(v]g)) — O(E(D(t)|¢))

for all t > 0. Since ¢ € E;NB(y,¢), hypothesis (H1*) implies that £(p|¢) = 0.
Thus, sending ¢ — 400 in (3.61) yields

(3.62) d(v, @) < 0(E(v]w))

and by taking the infimum of d(v, -) over all equilibrium points ¢ € £,NB(y, €)
of € on the left-hand side of (3.62) gives
inf d(v, ) < d(v,p) <O(E(v]p)),
@EEQOB(‘va)
which for ¥ = 6, is an entropy-transportation inequality (3.57) at ¢.

Next, suppose 0 < T' < co. Since € is a Lyapunov function of ¢ (see Propo-
sition 2.38), 0(t) = 0(T") for all ¢ > T and since g is lower semicontinuous on
M, statement (3) of Proposition 2.38 implies that o(T") € E, N B(y,¢) with
E((T)) = E(p). Since v(t) € U, for almost every ¢t € (0,7) and since &
satisfies a Kurdyka-Lojasiewicz inequality (3.1) on the set U, it follows from
Theorem 3.5 that v satisfies inequality (3.61) for ¢ = 7" and so,

inf d(v,p) < d(v,5(T)) < 0(E(vlep)).
@EggﬂB(Qp,s)
In the case T' = 0, the initial value v € E; N B(yp,¢) satisfying £(v|p) = 0.
Since A(0) = 0 and d(v,v) = 0, a generalized entropy-transportation in-
equality (3.57) at ¢ with ¥ := 6, trivially holds. Therefore and since v €
D(€) N B(p,e) was arbitrary, the proof of statement (1) is complete.
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Next, we intend to show that statement (2) holds. To see this, we note that
by condition (3.59) and since ¢ is a local minimum,

E(@) =E(p) for all ¢ € E; N B(y,¢),

or equivalently, for the set B(p,e), £ and g satisfy condition (H1) in Sec-
tion 3.3. By using again that ¢ is a local minimum, one sees that the two sets
B(p,e)N[E(-|p) # 0] and B(p,e)N[E(-|¢) > 0] coincide. Thus, and by (3.59),

E(ly) < inf d(v, Q)
g(U) @EEgﬁB((ﬂ,S)
for every v € B(p,e) N[E(:|¢) > 0], or equivalently,
(3.63) E(lp) <g(v) inf  d(v,p).

@EEQHB(SO:E)

By hypothesis, there is a strictly increasing function ¥ € C(R) satisfying
U (0) = 0 such that £ satisfies a generalized entropy-transportation inequal-
ity (3.57) on B(p,e) N D(E). Combining (3.57) with (3.63), one finds that
(3.64) Evlp) <g(v) __inf  d(v,) < g(v)¥(E(v]p))

‘PGEQHB(@ﬁ)
for every v € B(g,e) N[E(+]¢) > 0]. By hypothesis, ¥ is a continuous, strictly
increasing function on R satisfying ¥(0) = 0, and s — ¥(s)/s belongs to
L} (R). Thus, if 6 : R — (0, +00) is defined by

loc

r

s
0(s) = / (r) dr for every s € R,
0

then 0 € I/Vlicl (R), 6 is strictly increasing and satisfies 6(0) = 0 and ¢'(s) =
@ > 0 for all s € R\ {0}. Note, that this implies that [{# # 0,0’ = 0}| = 0.
Moreover, in terms of the function 6, inequality (3.64) can be rewritten as

Y(E(vly)) /
1< gw) ————==9) 0 (E|y
() T = — g0) ¢ € vl
for every v € B(p,e) N [E(:]¢) > 0], proving that £ satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on U = B(p,e)N[E(+|¢) > 0]. This completes the
proof of this theorem. O

To show that a global Kurdyka-Lojasiewicz inequality (3.1) implies a global
entropy-transportation inequality (1.5), we need the following assumption in-
stead of Assumption 3.4.

Assumption 3.5 (FEzistence of p-gradient flows). Suppose, for the proper
energy functional £ : MM — (—oo, +00] with strong upper gradient g holds:

for all vg € D(E), there is a p-gradient flow v of & with v(0+) = vy.

We recall that by Fermat’s rule (Proposition 2.28), for A-geodesically convex
functionals & with A > 0, every equilibrium point ¢ € E|p-¢| of £ is a global
minimum of £. Thus, by following the idea of the proof of Theorem 3.28
and using statement (3) of Proposition 2.23 together with Remark 3.29, one
sees that the following result on the equivalence of global Kurdyka-Lojasiewicz
inequality (3.1) and global entropy-transportation inequality (1.5) holds. We
omit the proof of Theorem 3.31 since it is repetitive to the previous one.
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Theorem 3.31 (Global KE- and ET-inequality). For A > 0, let &£ :
M — (—oo,+0o0] be a proper, lower semicontinuous, A\-geodesically convex
functional on a length space (M, d). Suppose, & and the descending slope
|D~E| satisfy Assumption 3.5 and for p € E|p-¢|, the set [E(-|p) > 0] satisfies
hypothesis (H1*). Then, the following statements are equivalent.

(1) (KL-inequality) There is a strictly increasing function 6 € Wlicl (R)

satisfying 0(0) = 0 and |[0 # 0,0’ = 0]| =0, and £ satisfies a Kurdyka-
Lojasiewicz inequality (3.1) on U := [E(-|) > 0] N[O (E(:|¢)) > 0].

(2) (ET-inequality) There is a strictly increasing function ¥ € C(R) sat-
isfying ¥(0) = 0 and s — ¥(s)/s belongs to L} (R) such that £ satis-

loc
fies the generalized entropy-transportation inequality
(3.65) inf  d(v,p) < U(E(v|p)) for allv e D(E).
peargmin(E)

Under the hypotheses of Theorem 3.31, if £ satisfies a global Lojasiewicz-
Simon inequality (3.3) with exponent v € (0,1] at ¢ € E|p-g|, then the
proof of statement (1) of Theorem 3.28 shows that £ satisfies the generalized
entropy-transportation inequality (3.65) for the function ¢ = 6 given by (3.2).
Conversely, if £ satisfies the the generalized entropy-transportation inequal-
ity (3.65) for ¢(s) = £[s|*"!s, then the proof of statement (2) of Theorem 3.28
yields that & satisfies the global Lojasiewicz-Simon inequality (3.3) at ¢ for
the function 0(s) = %|s|a*18. Summarizing, we state the following result.

Corollary 3.32 (Global LS- and ET-inequality). For A > 0, let £ :
M — (—o0,+o0] be a proper, lower semicontinuous, A-geodesically convex
functional on a length space (M, d). Suppose, & and the descending slope
|D™E| satisfy Assumption 3.5 and for p € E|p-¢|, the set [E(-|p) > 0] satisfies
hypothesis (H1*). Then, for a € (0,1], the following statements hold.

(1) (ES-inequality implies ET-inequality) If there is a ¢ > 0 such that

E satisfies
(3.66) (E(|e)™ < ¢|DE|(v) for allv e D(E)
then & satisfies
(3.67) inf  d(v, ) < S(E@lg)®  for allv € D(E).
Feargmin(€) a

(2) (ET-inequality implies ES-inequality) If there is a ¢ > 0 such that
E satisfies (3.67), then & satisfies

(3.68) (E(v]p)) o < §|D_5|(v) for allv € D(E).

Remark 3.33. For Theorem 3.31 and Corollary 3.32, the same comments hold
as stated in Remark 3.30.

Remark 3.34 (The classical case A > 0). For A > 0, let £ : M — (—o0, 00| be
a proper, lower semicontinuous, A-geodesically convex functional on a length
space (9, d). Then by Proposition 2.29, if £ admits a (unique) minimizer ¢ €
D(E) of &, then (2.22) shows that the Lojasiewicz-Simon inequality (3.3) with



KLS-INEQUALITY FOR GRADIENT FLOWS IN METRIC SPACES 41

exponent o = % holds and immediately induces that £ satisfies an entropy-

transportation inequality (1.5) with U(s) = %|s|_1/25. On the other hand,

Corollary 3.32 yields for A > 0 that entropy-transportation inequality (1.5) for
U(s) = %\s\*l/ 2s implies that & satisfies a Lojasiewicz-Simon inequality (3.3)
1

with exponent o = 3.

4. APPLICATIONS

4.1. The classical Banach and Hilbert space case. We begin by consid-
ering the metric derivative of Banach space-valued curves.

Suppose that 91 = X is a reflexive Banach space. Then, a curve v :
(0,400) — M belongs to the class AC} (0,400; X) if and only if v is dif-

ferentiable at a.e. t € (0,+00), v' € LI (0, 400; X) and

loc
t
v(t) —v(s) = / V' (r) dr forall 0 < s <t < 4o0.

In particular, the metric derivative |v'| of v is given by

[V|(t) = ||v'()]| x for a.e. t € (0,+00).
Remark 4.1 (A-convex functions on H). Due to the identity

tonllzr + (1 =)ol E —t (1= t)]or —wollf = l[tv1 + (1 = t)woll;

holding for every element vy, v1 of an Hilbert space H and ¢ € [0, 1], a func-
tional £ : H — (—o00, 00] is A-convex for some A € R along every line segment
v =7ov; C H if and only if v — E_5(v) := E(v) — %H’UH%’ is convex on H, or
equivalently (following the notion in [28]), € is semi-conver on H for w = —A.

It is important to see that the theory in the non-smooth framework is con-
sistent with the smooth one. We begin with the smooth setting. For this, we
recall that a functional £ : &/ — R is Fréchet differentiable on an open set
U C X if for every v € U, there is a (unique) element T' of the dual space X'
of X such that

Ew+h)=Ew)+T(h)+ o(h) for h — 0 in X.
Then, one sets £'(v) = T and calls the mapping £ : U — X' the Fréchet

differential of £. It is outlined in the book [7] that a mapping g : X — [0, +o0]
is an upper gradient of £ if and only if

g(v) > |IE' ()] xr for all v € U,
where ||| x+ denotes the norm of the dual space X'.

Next, we revisit an interesting example of a smooth energy functional £
given in [10, Proposition 1.1] (see also [25, Corollary 3.13], [206]) to demonstrate
that the hypotheses on the talweg curve x in Theorem 3.11 provides an optimal
function 6 in Kurdyka-Lojasiewicz inequality (3.1). To measure the optimality
on 0, we focus on the class of functions 6 by (3.2) for some exponent o € (0, 1].

Example 4.2. Let £ : U/ — R be a twice continuously differentiable function
on an open neighborhood &4 C X. Suppose ¢ € U is a local minimum of &
and £"(p) : X — X' is invertible. Then, by [10, Proposition 1.1], there is an
Rz, > 0 such that & satisfies Lojasiewicz-Simon inequality (3.3) on B(y, Ry).
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Now, our aim is to construct a talweg z : (0,] — X through the C-valley
Vep(p) (for some C > 1, § > 0 and D C B(yp, Rr)) which satisfies the
hypotheses of Theorem 3.11 such that § := h~! for h(-) := £(x(-)|¢) does not
grow faster or slower as s — |s|17%s with exponent o = 1.

By assumption, there is an rg > 0 such that

(4.1) E(vlp) >0 for all v € B(p,10).
Applying Taylor’s theorem gives that
(4.2) E'(v) =&"()(v =) + o(v - ¢llx)

for every v € B(p,r1), for some 0 < 1 < rg. By possibly choosing r; € (0, ro]
a bit smaller, we can conclude from (4.2) that

(4.3) IE" W)llx < Crllv = llx

for every v € B(p,r1), where C1 = (||E"(p)||x» +1). Since E”(yp) is invertible,
there is a Cy > 0 such that

lv = ellx < CallE" (@) (v = @)l x
for all v € X. Combining this inequality with (4.2), and by possibly choosing

r1 € (0,79] again smaller, we get

1
!
. P — —
(4.4) 1€ ()| x> 202”?1 ellx

for all v € B(p,r1). Thus, functional € satisfies Assumption 3.1 on B(g, ).
Further, Taylor’s expansion gives

(4.5) E(v]p) = $(E" () v —¢),v — ) xr x + o(lv —¢[%)

for every v — . Thus, by possibly replacing r1 by a smaller #; > 0, we see
that

(4.6) E(vle)]'? < Cs o — ol

for every v € B(p,r1). Now, fix an element vy € 0B(p,r1) and let = : [0,1] —
X be the straight line from ¢ to vy given by

z(r) = ¢+ r(vo — @) for every r € [0, 1]

Then, by using again (4.5), there is an 0 < ro < min{1,r1} such that

(47) E@IR)2 > Cilla(r) — ol
" vo— Vo— , 1/2
for every r € [0,79], where Cy = %KE al (l)l 2k ‘O‘l/f>x s > 0. In fact,
vo—Pll x

inserting v = z(r) into (4.5) gives

E(z(r)lp) = 5(E"(9) (w0 — ), v0 — P)xrx + 0(r?) as T — O+.
Since %22) — 0 as 7 — 04+ and [(£"(p)(vo — ¢),v0 — ¥)x’ x| > 0, there is
0 < <79 <1 such that

0 7“2
0 < HE @) - )0~ x|
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for every 0 < r < §. From this and by using the triangle inequality, we see
that

| () (vo — ©),v0 — ) x7,x + 0o(r?)]
> |5 (E" (@) (vo — @), v0 — ©) x x|
= CF |lz(r) — ol

for every r € [0,8]. Now, set D = B(y,d) and let © € B(p,)N[E = E(z(r))] for
r € (0,9]. Note, § > 0 can always be chosen smaller such that D C B(p, Ry)
for the Ry, > 0 given by [10]. Then, by (4.3), (4.7), and by (4.6) combined
with (4.4),

€ @)l < i o) — olx
< Sl

Ciigia iz C1 0y
4. = — < —=— .
(45) CIEGIDI < T 0)]x
Taking the infimum over all 0 € DN [€ = E(z(r)|p) + E(p)], gives
Cy Cs

1€ (@(r)lxr < Gy 20, SBen (E@Tle)).

Since r € (0, 0] were arbitrary, we have thereby shown that the line curve x is a

talweg curve through the C-valley Vo p(p) of € for C = %% > 1. Moreover,

2'(r) = (vo — ¢) # 0 for every r € [0,6]. Hence, z € AC*(0,6; X). Further,
the function
h(r) = E(x(r)|p) for every r € [0, 0],

satisfies h(0) = 0 and since £ € C? and £ (y) # 0,

R (r) = (&' (z(r)),vo — ¢)x'.x # 0 for all t € (0,0), and

R (r) = (" (z(r))(vo — ¥),v0 — ) x'.x # 0 for all r € (0,0).
Thus, h(r) is a homeomorphism from [0, ] — [0, R] for R := E(z(d)|p) and a
diffeomorphism from (0,6) — (0, R). This shows that £ satisfies the hypothe-

ses of Theorem 3.11 and so & satisfies Kurdyka-Lojasiewicz inequality (3.1)
near ¢. Moreover, by the inequalities (4.6) and (4.7),

1 1
)2 <r <

- - I 1/2
Ca oo — ol < Galloo —ollx !

for every r € [0,8] and so, the function § = h~! satisfies

1 1/2
— s <h(s) < ——————
Gillo—olx " =" = Clw—vlix
for every s € [0, R]. In particular, by inequality (4.8),
(4.9) 1< CE' W)|xr|Ewlp) 2

for all v € B(y, ), where C = % > 0. This shows that £ satisfies Kurdyka-

|8|1/2

Lojasiewicz inequality (3.1) near ¢ with 6(s) = 2C\s\%713, or, Lojasiewicz-
Simon inequality (3.3) near ¢ with exponent o = %, showing the optimality
of # for this example of an energy £.
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Next, we consider the non-smooth case of energy functionals £ : X —
(—o0, +00]. Here, one assumes that £ can be decomposed as £ = £;+E&», where
& is a proper, lower semicontinuous, convex functional and & a continuously
differentiable functional on X. Then the sub-differential OE of £ is given by

0g ={(v.2) € X x X’ lim inf S > (2! h oy for all he x}.

By [7, Corollary 1.4.5], for v € D(|D~€&|), the descending slope

(4.10) D~E(v) = min { ||

7' e 85(1})}

and |D~&]| is a strong upper gradient of £. Since 9€°(v) denotes the set of all
sub-gradients x' € OE(v) with minimal (dual) norm, the relation (4.10) can be
rewritten as [D~E|(v) = ||0E°(v)|| x/-

In the case X = (H, (.,.)q) is a real Hilbert space and £ : H — (—00, +0] a
proper, lower semicontinuous and semi-convex functional. Then, the following
well-known generation theorem [20, Proposition 3.12] (see also [28]) holds for
solutions to gradient system (1.2).

For every vy € D(E), there is a unique solution v of

V'(t) + 0E(v(t)) 20, te(0,00),
(1.2) { v(0) = vp.

Since semi-convexity coincides with the notion of (—\)-geodesically convex-
ity for some A € R (see Remark 4.1) and by (4.10), solution v of (1.2) are
the (2-)gradient flows of £ in the metric space M := D(E) equipped with
the induced metric of H. In particular, £ generates an evolution variational
inequality (see Remark 3.14 and also [32] and [7]).

As a consequence of Theorem 3.17, we obtain the following stability result
for the Hilbert space framework which generalize [27, Theorem 2.6] (also,
compare with [26, Theorem 12.2], and [16, Theorem 18, (i) = (i7)]).

Corollary 4.3. Let £ : H — (—o0,+00] be a proper, lower semicontinuous
and semi-convex functional on a Hilbert space H. Suppose v is a gradient flow
of € and there are € > 0 and an equilibrium point ¢ € w(v) such that the
set B(y,€) satisfies hypothesis (H1). If there is a strictly increasing function
6 € VVllocl(R) satisfying 0(0) = 0 and |[# > 0,0' = 0]] = 0, for which &

satisfies a Kurdyka-Lojasiewicz inequality on the set U given by (3.40), then
the following statements hold.

(1) The gradient flow v trends to the equilibrium point ¢ of € in the metric
sense of H.

(2) If there is a Banach space V' which is continuously embedded into H
and the gradient flow v € C((0,00); V) and has relatively compact
image in 'V, then v trends to the equilibrium point ¢ of £ in the metric
sense of V.

Further, from Theorem 3.20, we can conclude the following result of decay
estimates in the Hilbert space framework.
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Corollary 4.4. Let £ : H — (—o0,+00] be a proper, lower semicontinuous
and semi-convex functional on a Hilbert space H. Suppose v is a gradient
flow of £ and there are ¢, € > 0 and an equilibrium point ¢ € w(v) such that
& satisfies a Lojasiewicz-Simon inequality (3.3) with exponent o € (0,1] on
B(p,e). Then,

lo(®) - el < € ED)]e)* = O (t) fo<a<l

5Ly 1
S
e 2 ifa=;

=
ST

[o(t) — @lla < c2(E(v(t)]p))? < c2 (E(v(to)ly))

G(f— t)za-T f ot <t<ft
’v(t)—<P||HS{(C)( ) Z}ct;t_ =7 if$<a<l,
Z )
where,

2a—1

~ = - a1 1
o= [am]” 25T fimtot o"F ed g2 (E(to)|0)

and tg > 0 can be chosen to be the “first entry time”, that is, tg > 0 is the
smallest time to € [0, +00) such that v([to, +00)) C B(p,€).

4.1.1. Strategy to derive global ET- and LS-inequalities. In the next
two examples, we want to illustrate how an abstract Poincaré-Sobolev inequal-
ity (see (4.11) below) leads to an entropy-transportation inequality (3.58) and
from this via the equivalence relation to Lojasiewicz-Simon inequality (3.3)
(Corollary 3.32) to decay estimates of the trend to equilibrium and finite time
of extinction (via Corollary 4.4). In particular, we provide a simple method
to establish upper bounds on the arrival time to equilibrium (also called ez-
tinction time)

T*(vg) := inf {t > O’ v(s) =¢ forall s> t}

of solutions v of parabolic boundary-value problems on a domain Q C RY,
(N > 1) with initial value v(0) = vy and given equilibrium point ¢. To do
this, we revisit two classical examples on the total variational flow from [9]
and [11] (see also [37] and [17]). But we stress that this method can easily be
applied to any other nonlinear parabolic boundary-value problem that can be
realized as an abstract gradient system (1.2) for a functional £ defined on a
Hilbert space H and for which a polynomial entropy-transportation inequality

lv = lla < C (E(v]p)” (v e D(€)),

holds for a global minimizer ¢ of £ and given C, 8 > 0 (see also Remark 4.9
below). Taking Sth root on both sides of the last inequality, then we call

(4.11) lo—olly’ < CElp) (v € D(E)),

an (abstract) Poincaré-Sobolev inequality since (4.11) is either obtained by
only a known Sobolev inequality (see, for instance, [0, Theorem 3.47] or [15,
Chapter 11, 13.5, 14.6]) or by a Sobolev inequality combined with a Poincaré
inequality (see, for instance, [0, Theorem 3.44]).

We note that the idea to employ Lojasiewicz-Simon inequality (3.3) for
deriving decay estimates and finite time of extinction of solution of semi-
linear and quasilinear parabolic problems is well-known (see, for instance, [10,
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]). But, our approach to exploit the equivalence relation between entropy-
transportation inequality (3.58) and Lojasiewicz-Simon inequality (3.3) (Corol-
lary 3.32) seems to be new. On the other hand, we also need to mention that
Corollary 4.4 does not lead to optimal bounds on the extinction time 7 (vp).

4.1.2. Finite Extinction time of the Dirichlet-Total Variational Flow.

In [9] (see also [11]), the following parabolic initial boundary-value problem
vy = div (%) in 2 x (0, +00),
(4.12) v=20 on 0% x (0, +00),

v(0) = v on €,

related to the total variational flow with homogeneous Dirichlet boundary con-
ditions was studied on a bounded connected extension domain Q C RY. In
particular, it was shown that problem (4.12) can be rewritten as an abstract
initial value problem (1.2) in the Hilbert space H = L2(f2) for the energy
functional £ : L2(2) — (—o0, +-00] given by

m;:yépm+[;w if v € BV(Q) N L2(Q),

+00 if otherwise.

(4.13) &(

In fact (cf [9, Theorem 3], see also [11, Theorem 5.14]), £ is a proper, convex
and lower semicontinuous functional on L?(€2) with dense domain. Thus, by
[19, Proposition 3.12], for every vy € L?*(Q), there is a unique solution of
problem (4.12).

Now, due to Corollary 4.4, we can show that for N < 2, every solution v of
problem (4.12) with initial value vy € L?(f2) has finite extinction time

T*(vg) := inf {t > 0‘ v(s) =0 forall s > t}.

Theorem 4.5. Suppose N < 2 and for vg € L?(Q2), let v be the unique strong
solution of problem (4.12). Then,

1/2 N
Tty < {3+ S ERE) N =1,
s+ S2E(v(s)) if N =2,
for arbitrarily small s > 0, and
{aawm)—o if 0 <t < T*(vg),

(4.14) le®llzz@) < 3, ift > T*(vo),

where Sy is the best constant in Sobolev inequality (4.15), and é > 0.
Proof. By the Sobolev inequality for BV -functions (see [, Theorem 3.47]),
(4.15) lull 1= vy < Sn / | Dul| for every u € BV (RY),

RN

where 1* = o0 if n =1, 1* = 2 if n = 2. Since () is an extension domain, for
every v € BV(2), the extension v of v given by

o) = v(z) ifxeQ
R if z € RV \ Q,
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belongs to BV (RY) and satisfies

/ | Do :/]DUH—/ [v].
RN Q o0

(cf [6, Theorem 3.89]) and so by inequality (4.15), we find that

(4.16) o]l 1+ < Sw ( [ipul+ [ m)
Q oN

for all v € BV(€). Note that for v € BV(Q) N L3(f), the right-hand side
n (4.16) is £(v). Moreover, ¢ = 0 is the (unique) global minimizer of £. Thus
and since for N < 2, the Sobolev exponent 1* > 2, we can apply Holder’s
inequality to conclude from (4.16) that

(4.17) [vllr2) < CE(v]p) for all v € D(E),

where the constant ¢ = S;|QY2if N = 1 and C = Sy if N = 1. Due
to the (abstract) Sobolev-inequality (4.17), & satisfies, in fact, an entropy-
transportation inequality (1.5) for ¥(s) = C's, (s € R), which by Corol-
lary 3.32, is equivalent to the Lojasiewicz-Simon inequality

1< C10°EW)|y = C|DEl(v),  (velE>0).

Thereby, we have shown that the energy functional £ given by (4.13) satisfies
a global Lojasiewicz-Simon inequality (3.3) with exponent o = 1 at the equi-
librium point ¢ = 0. Now, Corollary 4.4 implies that the statement of this
theorem holds, where the entry time ¢y > 0 can be chosen arbitrarily small

since v(t) € D(E) for every t > 0. O
Remark 4.6. It was shown in [57] that in dimension N =2, Sobolev inequal-
ity (4.15) has the sharp constant Sy = \/? with Sobolev exponent 1* = 2.

Thus, Corollary 4.4 applied to vg € D(E) = BV (Q2) with tp = 0 and a =1
yields that in dimension N = 2, the extinction time

1
T*(vg) < — [ |Duwyl.
(0)_\/%/Q| 0‘

In particular, if £ C €2 is a set of finite perimeter and vg = a 1 g, then

~—

(4.18) T*(vp) < ——Per(E).

\/7

Let us point out that the upper bound of T*(vg) given by (4.18) is not
optimal. In fact, it was shown in [10] that if 0 € £, a > 0 and for sufficiently
small R > 0, then

2 [aR 17
v(t,z) = = [aZ - t] 15(0,r)(7) for every x € Q, t > 0,

is the unique solution of (4.12) with initial datum vo = a1 g). But, v has

the extinction time 7™ (vg) = %, which is smaller than the upper bound

\/%Per(B(O, R)) =aRV2r  given by (4.18).
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4.1.3. Finite extinction time to equilibrium of the Neumann-Total

Variational Flow. In [11], the following Neumann problem
v =div(By) in @ x (0,+00),
(4.19) % =0 on 0% x (0, +00),
v(0) = v on €,

related to the total variational flow was studied. Here, Q C RY is a bounded

connected extension domain and if v is the outward pointing unit normal

vector at 0f) then % denote the co-normal derivative % - v associated with

A := —div (Dv/|Dv|). It was shown in [l 1, Theorem 2.3] that for the energy
functional £ : L2(2) — (—o0, +-00] given by

Dv| ifv e BV(Q)N L3(Q),
(4.20) E(v) == /Q‘ | ) @)

400 if otherwise,

problem (4.19) can be rewritten as an abstract initial value problem (1.2) in
the Hilbert space H = L?(Q2). Moreover, £ is a proper, convex and lower
semicontinuous functional on L?(2) with dense domain. Thus, by [19, Propo-

sition 3.12], for every vy € L%(Q), there is a unique strong solution of (4.19).
Due to [11, Theorem 2.20], for every gradient flow v of £ the w-limit set

w(v) = {UT): gln/ﬂvoda:}.

Now, as an application of Corollary 4.4 and due to the Poincaré-Sobolev
inequality ([0, Remark 3.50])

@2)  Jo-vlhe < Cpsy [1Dv]=Crsy EGlD). (v € BY(),
Q

every solution v of problem (4.19) arrive in finite time to the media Ty of its
initial condition v(0) = vy € L?(Q). We omit the details of the proof since it
follows the same idea as the previous one.

Theorem 4.7. Suppose N < 2 and for vo € L?(Q2), let v be the unique strong
solution of problem (4.19). Then,

1/2 : _
Pty < {3+ Crs [RV2E0(s) iV =1,
s+ Cps, E(v(s)) if N =2,
for arbitrarily small s > 0, and

- ¢(T(vo) —t) if 0 <t <T*(vo),
(4.22) lo(t) —voll2 < {0 if t > T*(vy),

where Cpg, is the best constant in Poincaré-Sobolev inequality (4.21) below,
and ¢ > 0.

Remark 4.8. Similarly to Remark 4.6, Corollary 4.4 yields that for every vy €
D(E), the time to the equilibrium

T*(vo) < Cpsy /|Dvg|.
Q
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We emphasize that this estimate of T%(vp) is not contained in [I1]. In
particular, if £ C 2 is a set of finite perimeter, a € R and vg = alg, then
for the gradient flow v of £ defined in (4.20) with initial value v(0) = vy, the
extinction time

T*(UQ) < CPSN aPer(E).

Remark 4.9 (Extinction time in fourth order total variational flow problems).
It is important to mention the rigorous study [37] on the extinction time 7%
of solutions of the total variational flow equipped with Dirichlet (including
Q) = RY), Neumann, and periodic boundary conditions. The results in [37,
Theorem 2.4 and Theorem 2.5] only depend on the L¥-norm of the initial
data. Furthermore, in [37] upper estimates are established on the extinction
time T™ of solutions of the fourth-order total variation flow equation

(4.23) w=-afa (0]

After adding the right choice of boundary conditions, equation (4.23) can be
realized as a gradient system (1.2) in H = H~!(Q) for the energy

/\Dvy if v e BV(2) N H-L(Q),
S(U) = Q
400 if otherwise,

for every v € H=(Q). Due to entropy-transportation inequality

lollg-1(e) < C /Q Dv| = CEw),

(for instance, cf [37, (29)] in dimension N = 4), Corollary 3.32 and Corol-
lary 4.4 yield the existence of upper estimates of the extinction time 7™ (vg)
for solution of (4.23).

4.2. Gradient flows in spaces of probability measures. In the second
part of Section 4, we turn to the stability analysis of p-gradient flows in spaces
of probability measures.

Throughout this section, we assume that the reader is familiar with the
basics of optimal transport and refer for further reading to the standard lit-
erature (see, for instance, [60], [62], [8], or [53]). Here, we only recall the
notations and results which are important to us for this article.

Let (X, B,d) be a Polish space, that is, a complete separable metric space,
equipped with their Borel o-algebra B. Then, we denote by P(X) the space
of probability measures on (X,B) and P(X x X) the space of probability
measures on the product space (X x X,B® B). If (Y,By,dy) is a second
Polish space, p € P(X), and T : X — Y be a p-measurable map, then the
push-forward of u through T is defined by

Tyu(B) == u(T~H(B)) for every B € By.

For s € {0,1}, let ps : X xX — X be defined by ps(z,y) := (1—s)z+sy. Then,
po and p; are projection maps and for given p € P(X x X), poxp € P(X)
and p1xp € P(X) are the marginals of . For given measures 19, 11 € P(X),
the set of transport plans with marginals po and p1 is denoted by

(po, p1) == {ﬂ € P(X x X) | popT = 10, P1oT = Ml}-
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Now, let ¢: X x X — [0, +0o0] be a given Borel-measurable function. Then
for given pg, pu1 € P(X), the celebrated Monge problem (also-called optimal
transport problem) consists in establishing the existence of a pg-measurable
map 7% : X — X called optimal transport map satisfying

[ a7 @) apote) = min{ [ cto. 7)) duale) T3 X 5 X pugrmeas- b

urable & T#,ug =
The function ¢ in Monge’s minimization problem is called a cost function.
If pg is a Dirac mass §, for some a € X and pp is not a Dirac mass, then
there might be no transport map 7 such that 77 uo = p1. Thus, the Monge
problem can be ill posed, and so, one rather considers a weaker version of it
instead; namely, the so-called Monge-Kantorovich problem

(4.24) inf{ /X _dey)dn(zy) | e H(MO,M)}.

If the cost function ¢ is lower semicontinuous on X x X, then the infimum
in (4.24) is attained (see e.g., [60, Theorem 1.3]). Each minimizer 7* €
IT(po, 1) of the Monge-Kantorovich problem (4.24) is called optimal trans-
port plan.

Next, for 1 < p < 400, the p- Wasserstein distance W, 4(p1, p2) between fig
and p1 € P(X) is defined by

Wyatmoe) = (it [ o dntoa))

mell(po,m1)

Note, for given pg, p1 € P(X), the minimization problem

wP , = inf / d(z,y)? dr (=,
> alps p2) R (z,y)P dm(z,y)

is, in fact, the Monge-Kantorovich problem (4.24) for the cost function ¢(x, y) =
d(x,y)P and if for some arbitrary but fixed xg € X, the probability measures
o and p1 are elements of the space of finite p-moment

Ppa(X) = {uepm\ [ dteooy du(fﬂ)<+00},

then it is not difficult to see that ng(ul,m) is finite (cf [62, Chapter 6, p
107]). Note, the space P, 4(X) is independent of the choice of zp € X and
Wp.q defines a finite distance on P, 4(X) (cf [62, Chapter 6, p 107]). The pair
(Ppa(X), W, q) is called the p- Wasserstein space.

In order to understand the topology induced by the p-Wasserstein metric
Wp.q on P, q(X), we briefly recall that a sequence (py)n>1 of probability mea-
sures ft, € Ppq(X) converges weakly in Ppq4(X) to p € Ppq(X) if for every
continuous function ¢ : X — R satisfying |p(z)| < C(1 + dP(z,x)) for every
x € X, one has

/gpdun—>/cpd,u as n — +00.
X X

By [62, Theorem 6.9], the p-Wasserstein metric W), 4 on P, 4(X) metricizes the
weak convergence on P, 4(X), (Ppa(X), Wy 4) is a complete separable metric
space (see [62, Theorem 6.18]), and (Ppq(X), W, 4) is compact if (X,d) is
compact (see [62, Remark 6.19]).
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4.2.1. Doubly-nonlinear equations on RY and HWI-inequalities. In
this part, we focus on the Euclidean case X = R equipped with its natural

distance d(z,y) = | — y|. Throughout this subsection, let 1 < p < oo and

p = %1. Then, we abbreviate our notation from above and write for the

P
space of finite p-moment

PuEY) = {ne PR | [ lapauta) < o0}

and for every two probability measure pq, po € Pp(RN ), the p-Wasserstein
distance

Wy(uiop) = inf / o~y dn(zy))”
m€ll(po,p1) JRN xRN

Since the cost function c,(z,y) = |z — y[P, (z, y € RY), is continuous on
RY x RY and bounded from below, for every pair y; and ps € P,(RY), there
is an optimal plan 7* € II(u1, p2) such that

W (11, 2) = / @ — yl? dn* (2, y).
RN xRN

For the existence (and uniqueness) of an optimal transport map T : RY —
RN (cf [18] for the case p = 2 and [36] for 1 < p < 00), one needs that g
belongs to the subclass PSC(RN ) of measures p € Pp(RY) which are absolutely
continuous with respect to the Lebesgue measure £ on RY, that is,

wi(B)=0 for all B € B with £V (B) = 0.

Then, for every p; € PSC(RN ) and pg € Pp(RY), the p-Wasserstein distance
can be rewritten as

(4.25) W) = [ e =T @F du (o)

for the optimal transport map 7™ satisfying T7 puo = p11.
Next, consider the free energy € : Pp(RY) — (—o0, +00] composed by

(4.26) E=Hr+Hy+Hw
of the internal energy
/ F(p)dz if p=pLh,
RN
+oo if € Pp(RY) \ PRe(RY),

Hr(p) =

the potential energy
/ Vdu ifpu=pLh,

RN
+00 if 11 € Pp(RN) \ Pee(RN),
and the interaction energy

;/ Wz —y)d(u®p)(z,y) if p=pLN,

RN xRN

too if 5 € Pp(RN) \ Pac(RN),

Here, we assume that the function

Hy (1) ==

Hw (p) =
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(F): F:[0,+00) — R is a convex differential function satisfying

F

(4.27) F(0) =0, limi%nf @ > —oo for some a > N/(N + p),
s S

(4.28) the map s — s F(s™") is convex and non increasing in (0, 4-00),

there is a C'r > 0 such that

(4.29) F(s+38) <Cr(1+F(s)+ F(s5)) foralls, §>0,and
F
(4.30) BIJP is) = 400 (super-linear growth at infinity);

(V) : V:RYN — (00,400 is a proper, lower semicontinuous, A-convex for
some A € R, and the effective domain D(V) has a convex, nonempty
interior Q := int D(V) C RV,

(W) : W: RN — [0, +00) is a convex, differentiable, and even function and
there is a C'yy > 0 such that

(4.31) Wz +i) <COw (1+W(x)+W(z)) forallz, 2 € RV,

Remark 4.10. The study of gradient flows generated by the free energy func-
tional £ given by (4.26) on the Wasserstein space (Po(RY), W3) was done
independently in [23] and [7].

We note that the conditions (4.27) on F ensure that for every p € L*(RY),
the negative part F~(s) = max{—F(s),0} satisfies F~(p) € L*(RY), that
is, (4.27) provides growth bounds on F~ (cf [7, Remark 9.3.7]), due to condi-
tion (4.28), the functional H is geodesically convex on P,(R”), and thanks to
condition (4.30), H r is lower semicontinuous on P,(RY) (cf [7, Remark 9.3.8]).
The so-called doubling condition (4.29) is needed to calculate the directional
derivative of Hp (cf [7, Lemma 10.4.4]).

Concerning the functional Hy, the hypotheses that V' is convex, proper and
lower semicontinuous imply that Hy is bounded from below by an affine sup-
port function and hence, by Cauchy-Schwarz’ and Young’s inequality, for every
1 < p < +o0, there are A, B > 0 such that V(z) > —A— B|z|P. From this, we
can deduce that Hy is lower semicontinuous on P,(RY) (cf [7, Lemma 5.1.7)).
By [7, Proposition 9.3.2], Hy is A-geodesically convex in P,(RY) if p < 2 and
A>0,orifp>2and A <0.

Similarly to Hy, the convexity of W, the fact that W is proper, and the
lower semicontinuity of W, imply that Hyy, is lower semicontinuous in P, (RV)
and by [7, Proposition 9.3.5], Hyw is geodesically convex on P,(RY). The
doubling condition (4.31) is sufficient for characterizing the decreasing slope
|D~Ew| of Hy (cf [7, Theorem 10.4.11]).

For an open set Q C RY, we denote by Pp(Q) is the closed subspace of
probability measures u € Pp(RN ) with support supp(u) € Q. Moreover,
Ppe(Q2) :=Pp(2) N PgC(RN).

Under the hypotheses (F), (V) and (W), Proposition 2.23 implies that
the descending slope |D~&| of £ is lower semicontinuous. Moreover, by [7,
Theorem 10.4.13], |D~&| can be characterized as follows.

Proposition 4.11. Suppose, the functions F, V and W satisfy the hypothe-
ses (F), (V) and (W), and € : Py(RN) — (—o0, +o0] is the functional given
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by (4.26). Then, for u= pLN € D(E), one has pu € D(|D~E|) if and only if
(4.32) Pr(p) € Wit (), p& = VPr(p) + pVV + p(VIW) x p

loc

for some &, € LP (RN, RY;du), where Pp(x) := xF'(x)—F(x) is the associated
“pressure function” of F'. Moreover, the vector field &, satisfies

(4.33) D€ (1) = ( | Je@r d/z>p1, .

By following the idea of the proof of [13, Proposition 4.1] and replacing
p = 2 by general 1 < p < 400, one sees that under the hypotheses (F),
(V) and (W), the free energy € : P,(RY) — (—o0,+oc] given by (4.26)
satisfies the hypotheses of Theorem 2.20. Therefore and by the regularity
result in [7, Theorem 11.3.4], for every pg € D(E), there is a p-gradient flow
p: [0,+00) — PR(RY) of £ with initial value limyjo u(t) = po. Moreover,
for every t > 0, u(t) = p(t) LN with supp(p(t)) C Q, and p is a distributional
solution of the following quasilinear parabolic-elliptic boundary-value problem

pi +div(pU,) =0 in (0, +00) x Q,
(4.34) U, = —[&" 2 in (0, +00) x Q,
U, n=0 in (0, 400) x 09,

with Pr(p) € L}, .((0, +00); I/Vllocl(Q)) and

loc

VPp(p)

& = +VV + (VW) # p € L35.((0, +00); I (, RV dp(-))),

where, n in (4.34) denotes the outward unit normal to the boundary 92 which
in the case Q = RY needs to be neglected.
If the function F' € C?(0,+0o0), then one has that

—U, = |F"(p)Vp+ VV + (VIV) # p|? =2 (F"(p)Vp+ VV + (VW) % p) .
Thus (cf [1], [23], [22]), problem (4.34) includes the

e doubly nonlinear diffusion equation

pe — div([Vp" P2V p™) =0

m s9 _ 1 1 N—-(p'—1
(V=W=0,F(s) = sy forg=m+l—p, o5 #m = %)

o Fokker-Planck equation with interaction term through porous medium
pr =Ap™ +div (p(VV + (VW) * p))
(p =2, F(s)z%forl#le—%).
Due to Proposition 4.11, every equilibrium point v = poo LY € Ep-g of &
can be characterized by
Pr(psc) € Wie () with

(4.35)  VPr(pso)

$poo = p +VV+ (VW) *pss =0 a.e. on .
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Further, for every p-gradient flow u of £ and equilibrium point v € E|p-¢|,
equation (2.10) in Proposition 2.16 reads as follows

(4.36) GEW1) = —=|D7EP (u(t)) = ~Tp (u(t)|v),
where due to Proposition 4.11, the generalized relative Fischer information of
w with respect to v is given by

Ly (plv) :/Q—Up-épdu.

For our next lemma, we introduce the notion of uniformly A-p convex func-
tions (cf [29, 3]), which for differentiable f generalizes the notion of A-convexity
on the Euclidean space MM = RV (cf Definition 2.21).

Definition 4.12. We call a functional f : RN — (—o0, +oc] uniformly A-p-
convex for some A € R if the interior Q = int(D(f)) of f is nonempty, f is
differentiable on 2 and for every = € €2,

fl@)—flx) >Vf(x) (y—z)+ Ny — P for all y € RY.
Further, we need the following definition from [7].

Definition 4.13. Let ¢ : RY x RN — [0, +00] be a proper and lower semicon-
tinuous function. Then, for v : RY — [+00, +00], the c-transform u® : RN —
[+00, +00] is defined by

u(y) = inf (c(z,y) — u(x)) for every y € RY.
zeRN

A function u : RN — [+00,+0oq] is called c-concave if there is a function
v: RN — [+00, +00] such that u = v°.

With these preliminaries, we can state the following result which general-
izes [29, Theorem 2.4, Theorem 4.1], [3, inequality (5)] (see also [2, Theo-
rem 2.1]).

Lemma 4.14. Suppose, the functions F', V and W satisfy the hypotheses (F),
(V) V. RN — (—o0, +00] is proper, lower semicontinuous function, the
effective domain D(V') of V' has nonempty interior 2 := int D(V') C
RN, and V is uniformly Ay -p-convex for some \y € R;
(W*) W :RY — [0,400) is a differentiable, even function satisfying (4.31),
and for some Ay € R, W is uniformly Ay -p-convex for some Ay € R.
Further, let F € C?(0,00) N C[0,+00) and & : Py(RY) — (—o0,+o0] be the
functional given by (4.26). Then, for every probability measures py = p LV,
po = p2LN € PAe(Q) with py € WH(Q) and inf py > 0, one has

E(urljuz) > / (T*(@) — ) - Eppdpia + (v + ) WP (1, o)
(4.37) @

+ B o Vo(z) - (T*(y) — ) p2(x) pa(y)dady,

where T* is the optimal transport map satisfying (4.25) with Thpo = and
x —T*(z) = |VO(x)[P 2Vo(x)

for a cp-concave function § with c,(x,y) = %|x —ylP.
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Proof. Under the hypotheses of this lemma, [29, Theorem 2.4] yields

(4.38) Hpyv(palpz) = /Q(T*(fﬂ) —z)- (F"(p)Vp+ VV)dpa + Ay Wy (a1, pi2)

where we set Hpiyv = Hr + Hy. Next, we deal with the interaction energy
Hw . For this, we follow an idea given in [29]. Since T3 pi2 = i1, we can rewrite

Hw (1) = 3 e W(T"(x) = T"(y)) pa() pa(y)dz dy

Thus, and since W is uniformly Ay/-c,-convex for some Ay € R, we have

M) = M) + 3 [ [VW (=) (@) =)

—(T"(y) - y))} p2() p2(y)dady

24 [ ) = ) - (170) P pale) paly) docy
X
and since by hypothesis, VW is odd,

Haw (1) > Haw (1) + /Q V(W % o) - (T*(z) — ) dpa(a)

A [ @) ) - (1)~ )P pale) pale) .
X
Due to the elementary inequality |a — b[P > |aP — pla|P~2a - b, (a, b € RY),

() = Mo () + [ VW 5 pa) - (77 () = ) dpa(o) + W o)

+ B /Q Q|T*(1U) —aP7A(T*(x) — 2)(T*(y) — y) p2() p2(y)dady.
X
Combining this inequality with (4.38) yields the desired inequality (4.37). O

We note that if the interaction term W satisfying hypothesis (W) then
hypothesis (W*) holds with Ay = 0. Thus, we can announce for the free
energy £ = Hp + Hy + Hw the following ET-inequality, generalized Log-
Sobolev inequality (cf [3, Proposition 1.1]), and generalized p-HWI inequality
(cf [3, Theorem 1.2] , [19, Theorem 3] and [22, Theorem 2.1]).

Theorem 4.15. Suppose that the functions F', V and W satisfy the hypothe-
ses (F), (V*) with A\y € R and (W). Further, suppose F € C?(0,00) N
C[0, +00) and let £ : Pp(RY) — (—o00, +00] be the functional given by (4.26).
Then, the following statements hold.
(1) (ET-inequality) For an equilibrium point v = pso LY € Ep-¢ of €
with pee € WH(Q) and inf ps > 0, and every u = pLN € D(E),

(4.39) A W2 (i, v) < E(ul).
(2) (p-Talagrand transportation inequality) If Ay > 0, then entropy-

transportation inequality (4.39) is equivalent to the p-Talagrand in-
equality

(4.40) Wyl v) < 5 /EulY)
\%




56 DANIEL HAUER AND JOSE M. MAZON

holding for an equilibrium point v = poo LV € E\p-¢g) of & with px €
Wh(Q) and all p = pLN € D(E).

(3) (generalized LS-inequality) If A > 0 then for every probability mea-
sures pn = piLN, py = po LN € Ppe(§2) with py € Whee(Q) and
inf po > 0, one has that

(A1) Ealpn) + O = D WP ) < P28

(4) (generalized Log-Sobolev inequality) If Ay > 0, then for every
probability measures py = p1LN, pa = pa LN € Ppe(Q) with pa €
Whee(Q) and inf py > 0 and v € E\p-¢|, one has that

p—1 1
(4.42) E(pzlpr) < pTWIp/
\%4

|D=EP (p2)-

(p2|v).

(5) (p-HWI inequality) For every probability measures iy = p1 LY, s =
p LN € Ppe(2) with pa € W1(Q) and inf p > 0, one has that

(4.43) E(pralp) + v WE (1, pi2) < Lo/ (nalv) W (s, o).

Remark 4.16. We note that for Ay, > 0, £ satisfies an entropy-transportation
inequality (4.39) at an equilibrium point v = po LN € Ep-g of & with
Poo € WH(Q), then v is the unique minimizer of £.

Remark 4.17 (The case V =W = 0.). It is well-known that also in the case
V = W = 0 that for £ given by (4.26) a Sobolev inequalities holds (which
imply a Log-Sobolev inequalities of the form (4.42)). For further details, we
refer the interested reader to [3, 4].

Proof of Theorem 4.15. The idea of our proofs follows the one in [3]. Thus, we
only sketch the ideas here. Inequality (4.39) follows directly from (4.37) by tak-
ing po = v and applying the characterization (4.35) for the equilibrium point
v € Ep-¢|. Talagrand inequality (4.40) is equivalent to ET-inequality (4.39)
by simply taking p’th root or power. Next, by Young’s inequality, we see that
P e el
pP\/-1) TP
Applying this to (4.37) and using (4.33), we see that

A _ 1
(444) Av WP, piz) < Epualpz) + AW G, pi2) + 550 55705

from where inequality (4.41) follows. By taking A = Ay > 0 in (4.41) and
by (4.36), we see that the Log-Sobolev inequality (4.42) holds. Finally, to see
that p-HWTI inequality (4.43) is true, one shows that the function
“ “ p—1 1
A= AWP — =
P 12) S
over (0,+00) attains its minimum at
i1 ID7E[(p2)
)\[) = — p—l—
p Wp (/1’17#2)
Insert Ao into (4.44) and using the identity (4.36) yields p-HWI inequal-
ity (4.43). O

(& = T*(x)) - & < Mo = T ()" +

|D=EP (12)

[D™E (n2)
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Our next corollary shows that even if V fails to be uniformly Ay -p-convex for
some Ay > 0, equivalence between entropy transportation inequality (4.39),
Lojasiewicz-Simon inequality inequality (3.3), and the logarithmic Sobolev
inequality (4.42) holds for the free energy functional £ given by (4.26) (cf [19,
Corollary 3.1], [29, Proposition 3.6]). Our next result, is a special case of
Corollary 3.32 adapted to the framework in P,(RY).

Corollary 4.18 (Equivalence between global ET-, LS- and Log-Sobo-
lev inequality). Suppose that the functions F', V. and W satisfy the hypothe-
ses (F), (V) and (W). Further, suppose F € C*(0,00) N C[0,+00) and let
E : Pp(RYN) — (—o00, +00] be the functional given by (4.26). Then, the follow-
ing statements hold.
(1) If for v € E|p-¢|, there is some A > 0 such that € satisfies entropy
transportation inequality

(4.45) Wyl v) < A(Eulv))?  for all p e D(E),
then £ satisfies the Lojasiewicz-Simon inequality
(4.46)  E(ulus)'"? <AID7E|(n)  for all p€ D(D”EY),

or equivalently, £ satisfies the Log-Sobolev inequality

_1
(4.47) E(Ulpo) "7 < AP Ty (uly)  for all € D(D"EN),

(2) If for v € E|p-g|, there is some A > 0 such that & satisfies Log-Sobolev
inequality (4.47), then & satisfies entropy transportation inequality

Wl v) < Ap(Eulp))?  for all p € D(E),

From Theorem 4.15 and Theorem 3.20, we can conclude the following ex-
ponential decay rates (cf [3, 4, 50] and [2, Corollary 5.1]).

Corollary 4.19 (Trend to equilibrium and exponential decay rates).
Suppose that the functions F, V and W satisfy the hypotheses (F), (V*)
with Ay > 0 and (W). Further, suppose F € C?(0,00) N C[0,+00) and let
E 1 Pp(RY) = (—o0,+0q] be the functional given by € = Hp + Hy + Hw.
Then, there is a unique minimizer v = poo LV € E\p-¢g| of € satisfying (4.35)
and for every initial value pug € D(E), the p-gradient flow p of € trends to v
in Pp() as t — +oo and for all t >0,

1 1
_1)1/»’ 1 _1\1/p’ 1 _tpP yp—T
(448) Wy(u(t).v) < 77 (E(un)l))r < @I (E o))t e # T
\%

AP

Remark 4.20. From (4.48), one can deduce strong convergence in L'(RY)
(cf [21, 50]) or even strong convergence in BV (R™) (cf [62, Remark 22.12]) by
using a Csiszar-Kullback(-Pinsker) inequality.

REFERENCES

[1] P.-A. Absil and K. Kurdyka, On the stable equilibrium points of gradient systems, Sys-
tems Control Lett. 55 (2006), 573-577. doi:10.1016/j.sysconle.2006.01.002

[2] M. Agueh, N. Ghoussoub, and X. Kang, Geometric inequalities via a general comparison
principle for interacting gases, Geom. Funct. Anal. 14 (2004), 215-244. doi:10.1007/
s00039-004-0455-x


http://dx.doi.org/10.1016/j.sysconle.2006.01.002
http://dx.doi.org/10.1007/s00039-004-0455-x
http://dx.doi.org/10.1007/s00039-004-0455-x

58
3]
[4]
[5]

[6]

[7]

8]

[9]
(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]
(18]

(19]

20]

(21]

(22]

23]

DANIEL HAUER AND JOSE M. MAZON

M. Agueh, Asymptotic behavior for doubly degenerate parabolic equations, C. R. Math.
Acad. Sci. Paris 337 (2003), 331-336. doi:10.1016/S1631-073X(03) 003522

, Existence of solutions to degemerate parabolic equations wvia the Monge-
Kantorovich theory, Adv. Differential Equations 10 (2005), 309-360.

L. Ambrosio, Minimizing movements, Rend. Accad. Naz. Sci. XL, Mem. Mat. Appl. (5)
19 (1995), 191-246.

L. Ambrosio, N. Fusco, and D. Pallara, Functions of bounded variation and free dis-
continuity problems, Oxford Mathematical Monographs, The Clarendon Press, Oxford
University Press, New York, 2000.

L. Ambrosio, N. Gigli, and G. Savaré, Gradient flows in metric spaces and in the space
of probability measures, second ed., Lectures in Mathematics ETH Ziirich, Birkhauser
Verlag, Basel, 2008.

, Calculus and heat flow in metric measure spaces and applications to spaces
with Ricct bounds from below, Invent. Math. 195 (2014), 289-391. doi:10.1007/
s00222-013-0456-1

F. Andreu, C. Ballester, V. Caselles, and J. M. Mazén, The Dirichlet problem for the
total variation flow, J. Funct. Anal. 180 (2001), 347-403. doi:10.1006/jfan.2000.3698
F. Andreu, V. Caselles, J. I. Diaz, and J. M. Mazén, Some qualitative properties for the
total variation flow, J. Funct. Anal. 188 (2002), 516-547. doi:10.1006/jfan.2001.3829
F. Andreu-Vaillo, V. Caselles, and J. M. Mazén, Parabolic quasilinear equations mini-
mizing linear growth functionals, Progress in Mathematics, vol. 223, Birkh&user Verlag,
Basel, 2004. doi:10.1007/978-3-0348-7928-6

A. Arnold, J. A. Carrillo, L. Desvillettes, J. Dolbeault, A. Jiingel, C. Lederman,
P. A. Markowich, G. Toscani, and C. Villani, Entropies and equilibria of many-
particle systems: an essay on recent research, Monatsh. Math. 142 (2004), 35-43.
doi:10.1007/s00605-004-0239-2

J.-B. Baillon, Un exemple concernant le comportement asymptotique de la solution
du probléeme du/dt + Op(u) > 0, J. Funct. Anal. 28 (1978), 369-376. doi:10.1016/
0022-1236(78)90093-9

D. Bakry and M. Emery, Diffusions hypercontractives, Séminaire de probabilités, XIX,
1983/84, Lecture Notes in Math., vol. 1123, Springer, Berlin, 1985, pp. 177-206. doi:
10.1007/BFb0075847

A. Blanchet and J. Bolte, A family of functional inequalities: Lojasiewicz inequalities
and displacement convex functions, ArXiv e-prints (2016).

J. Bolte, A. Daniilidis, O. Ley, and L. Mazet, Characterizations of lojasiewicz inequal-
ities: subgradient flows, talweg, convezxity, Trans. Amer. Math. Soc. 362 (2010), 3319-
3363. doi:10.1090/50002-9947-09-05048-X

M. Bonforte and A. Figalli, Total variation flow and sign fast diffusion in one dimension,
J. Differential Equations 252 (2012), 4455-4480. doi:10.1016/j.jde.2012.01.003

Y. Brenier, Polar factorization and monotone rearrangement of vector-valued functions,
Comm. Pure Appl. Math. 44 (1991), 375-417. doi:10.1002/cpa.3160440402

H. Brézis, Opérateurs mazximauxr monotones et semi-groupes de contractions dans les
espaces de Hilbert, North-Holland Publishing Co., Amsterdam-London; American Else-
vier Publishing Co., Inc., New York, 1973, North-Holland Mathematics Studies, No. 5.
Notas de Matematica (50).

H. Brezis, Functional analysis, Sobolev spaces and partial differential equations, Univer-
sitext, Springer, New York, 2011.

J. A. Carrillo, A. Jiingel, P. A. Markowich, G. Toscani, and A. Unterreiter, Entropy dis-
sipation methods for degenerate parabolic problems and generalized Sobolev inequalities,
Monatsh. Math. 133 (2001), 1-82. doi:10.1007/s006050170032

J. A. Carrillo, R. J. McCann, and C. Villani, Kinetic equilibration rates for granular
media and related equations: entropy dissipation and mass transportation estimates,
Rev. Mat. Iberoamericana 19 (2003), 971-1018. doi:10.4171/RMI/376

,  Contractions in the 2-Wasserstein length space and thermalization of
granular media, Arch. Ration. Mech. Anal. 179 (2006), 217-263. doi:10.1007/
s00205-005-0386-1


http://dx.doi.org/10.1016/S1631-073X(03)00352-2
http://dx.doi.org/10.1007/s00222-013-0456-1
http://dx.doi.org/10.1007/s00222-013-0456-1
http://dx.doi.org/10.1006/jfan.2000.3698
http://dx.doi.org/10.1006/jfan.2001.3829
http://dx.doi.org/10.1007/978-3-0348-7928-6
http://dx.doi.org/10.1007/s00605-004-0239-2
http://dx.doi.org/10.1016/0022-1236(78)90093-9
http://dx.doi.org/10.1016/0022-1236(78)90093-9
http://dx.doi.org/10.1007/BFb0075847
http://dx.doi.org/10.1007/BFb0075847
http://dx.doi.org/10.1090/S0002-9947-09-05048-X
http://dx.doi.org/10.1016/j.jde.2012.01.003
http://dx.doi.org/10.1002/cpa.3160440402
http://dx.doi.org/10.1007/s006050170032
http://dx.doi.org/10.4171/RMI/376
http://dx.doi.org/10.1007/s00205-005-0386-1
http://dx.doi.org/10.1007/s00205-005-0386-1

(24]
25]
[26]

27]

(28]

29]

(30]

(31]

32]

33]

34]

(35]
(36]

37]

(38]

(39]

(40]

(41]

42]

(43]

(44]

KLS-INEQUALITY FOR GRADIENT FLOWS IN METRIC SPACES 59

R. Chill and S. Mildner, The Kurdyka-Lojasiewicz-Simon inequality and stabilisation in
nonsmooth infinite-dimensional gradient systems, ArXiv e-prints (2016).

R. Chill, On the Lojasiewicz-Simon gradient inequality, J. Funct. Anal. 201 (2003),
572-601. doi:10.1016/50022-1236(02)00102-7

R. Chill and E. Fasangovd, Gradient Systems, MATFYZPRESS, Publishing House of
the Faculty of Mathematics and Physics, Charles University, Prague, 2010.

R. Chill and A. Fiorenza, Convergence and decay rate to equilibrium of bounded solutions
of quasilinear parabolic equations, J. Differential Equations 228 (2006), 611-632. doi:
10.1016/j.jde.2006.02.009

R. Chill, D. Hauer, and J. Kennedy, Nonlinear semigroups generated by j-elliptic func-
tionals, J. Math. Pures Appl. (9) 105 (2016), 415-450. doi:10.1016/j.matpur.2015.
11.005

D. Cordero-Erausquin, W. Gangbo, and C. Houdré, Inequalities for generalized entropy
and optimal transportation, Recent advances in the theory and applications of mass
transport, Contemp. Math., vol. 353, Amer. Math. Soc., Providence, RI, 2004, pp. 73—
94. doi:10.1090/conm/353/06433

M. G. Crandall and T. M. Liggett, Generation of semi-groups of nonlinear trans-
formations on general Banach spaces, Amer. J. Math. 93 (1971), 265-298. doi:
10.2307/2373376

S. Daneri and G. Savaré, Eulerian calculus for the displacement convexity in the Wasser-
stein distance, SIAM J. Math. Anal. 40 (2008), 1104-1122. doi:10.1137/08071346X

, Lecture notes on gradient flows and optimal transport, Optimal transportation,
London Math. Soc. Lecture Note Ser., vol. 413, Cambridge Univ. Press, Cambridge,
2014, pp. 100-144.

E. De Giorgi, New problems on minimizing movements, Boundary value problems for
partial differential equations and applications, RMA Res. Notes Appl. Math., vol. 29,
Masson, Paris, 1993, pp. 81-98

E. De Giorgi, A. Marino, and M. Tosques, Problems of evolution in metric spaces and
mazimal decreasing curve, Atti Accad. Naz. Lincei Rend. ClL. Sci. Fis. Mat. Natur. (8)
68 (1980), 180-187.

P. M. N. Feehan, Global ezistence and convergence of solutions to gradient systems and
applications to Yang-Mills gradient flow, ArXiv e-prints (2014).

W. Gangbo and R. J. McCann, The geometry of optimal transportation, Acta Math.
177 (1996), 113-161. doi:10.1007/BF02392620

Y. Giga and R. V. Kohn, Scale-invariant extinction time estimates for some singular
diffusion equations, Discrete Contin. Dyn. Syst. 30 (2011), 509-535. doi:10.3934/dcds.
2011.30.509

A. Haraux, Systémes dynamiques dissipatifs et applications, Recherches en
Mathématiques Appliquées [Research in Applied Mathematics], vol. 17, Masson, Paris,
1991.

A. Haraux and M. A. Jendoubi, The convergence problem for dissipative autonomous
systems, SpringerBriefs in Mathematics, Springer, Cham; BCAM Basque Center for
Applied Mathematics, Bilbao, 2015, Classical methods and recent advances, BCAM
SpringerBriefs. doi:10.1007/978-3-319-23407-6

A. Haraux, M. A. Jendoubi, and O. Kavian, Rate of decay to equilibrium in some
semilinear parabolic equations, J. Evol. Equ. 8 (2003), 463-484, Dedicated to Philippe
Bénilan. doi:10.1007/s00028-003-1112-8

S.-Z. Huang, Gradient inequalities, Mathematical Surveys and Monographs, vol. 126,
American Mathematical Society, Providence, RI, 2006, With applications to asymptotic
behavior and stability of gradient-like systems. doi:10.1090/surv/126

M. A. Jendoubi, A simple unified approach to some convergence theorems of L. Simon,
J. Funct. Anal. 153 (1998), 187-202. doi:10.1006/jfan.1997.3174

R. Jordan, D. Kinderlehrer, and F. Otto, The wariational formulation of the
Fokker-Planck equation, SIAM J. Math. Anal. 29 (1998), 1-17. doi:10.1137/
S0036141096303359

K. Kurdyka, On gradients of functions definable in o-minimal structures, Ann. Inst.
Fourier (Grenoble) 48 (1998), 769-783.



http://dx.doi.org/10.1016/S0022-1236(02)00102-7
http://dx.doi.org/10.1016/j.jde.2006.02.009
http://dx.doi.org/10.1016/j.jde.2006.02.009
http://dx.doi.org/10.1016/j.matpur.2015.11.005
http://dx.doi.org/10.1016/j.matpur.2015.11.005
http://dx.doi.org/10.1090/conm/353/06433
http://dx.doi.org/10.2307/2373376
http://dx.doi.org/10.2307/2373376
http://dx.doi.org/10.1137/08071346X
http://dx.doi.org/10.1007/BF02392620
http://dx.doi.org/10.3934/dcds.2011.30.509
http://dx.doi.org/10.3934/dcds.2011.30.509
http://dx.doi.org/10.1007/978-3-319-23407-6
http://dx.doi.org/10.1007/s00028-003-1112-8
http://dx.doi.org/10.1090/surv/126
http://dx.doi.org/10.1006/jfan.1997.3174
http://dx.doi.org/10.1137/S0036141096303359
http://dx.doi.org/10.1137/S0036141096303359

60
(45]
(46]
(47]
(48]

(49]

(50]

[51]

[52]

[53]

[54]
[55]
[56]
[57]

(58]

[59]

[60]

(61]

(62]

DANIEL HAUER AND JOSE M. MAZON

G. Leoni, A first course in Sobolev spaces, Graduate Studies in Mathematics, vol. 105,
American Mathematical Society, Providence, RI, 2009.

S. Lojasiewicz, Une propriété topologique des sous-ensembles analytiques réels, Les
Equations aux Dérivées Partielles (Paris, 1962), Editions du Centre National de la
Recherche Scientifique, Paris, 1963, pp. 87—89.

S. Lojasiewicz, Ensembles semi-analytiques, Preprint, . H.E.S. Bures-sur-Yvette, 1965.
J. Lott and C. Villani, Ricci curvature for metric-measure spaces via optimal transport,
Ann. of Math. (2) 169 (2009), 903-991. doi:10.4007/annals.2009.169.903

F. Otto and C. Villani, Generalization of an inequality by Talagrand and links with
the logarithmic Sobolev inequality, J. Funct. Anal. 173 (2000), 361-400. doi:10.1006/
jfan.1999.3557

F. Otto, The geometry of dissipative evolution equations: the porous medium equation,
Comm. Partial Differential Equations 26 (2001), 101-174. doi:10.1081/PDE-100002243
J. Palis, Jr. and W. de Melo, Geometric theory of dynamical systems, Springer-Verlag,
New York-Berlin, 1982, An introduction, Translated from the Portuguese by A. K.
Manning.

F. Rezakhanlou and C. Villani, Entropy methods for the Boltzmann equation,
Lecture Notes in Mathematics, vol. 1916, Springer, Berlin, 2008. doi:10.1007/
978-3-540-73705-6

F. Santambrogio, Optimal transport for applied mathematicians, Progress in Nonlin-
ear Differential Equations and their Applications, vol. 87, Birkhduser/Springer, Cham,
2015, Calculus of variations, PDEs, and modeling. doi:10.1007/978-3-319-20828-2
L. Simon, Asymptotics for a class of nonlinear evolution equations, with applications to
geometric problems, Ann. of Math. (2) 118 (1983), 525-571. doi:10.2307/2006981
K.-T. Sturm, On the geometry of metric measure spaces. I, Acta Math. 196 (2006),
65-131. doi:10.1007/s11511-006-0002-8

, On the geometry of metric measure spaces. II, Acta Math. 196 (2006), 133-177.
doi:10.1007/s11511-006-0003-7

G. Talenti, Best constant in Sobolev inequality, Ann. Mat. Pura Appl. (4) 110 (1976),
353-372. doi:10.1007/BF02418013

L. van den Dries, Tame topology and o-minimal structures, London Mathematical So-
ciety Lecture Note Series, vol. 248, Cambridge University Press, Cambridge, 1998.
doi:10.1017/CB09780511525919

C. Villani, Optimal transportation, dissipative PDE’s and functional inequalities, Op-
timal transportation and applications, Lecture Notes in Math., vol. 1813, Springer,
Berlin, 2003, pp. 53-89. doi:10.1007/978-3-540-44857-0_3

, Topics in optimal transportation, Graduate Studies in Mathematics, vol. 58,
American Mathematical Society, Providence, RI, 2003. doi:10.1007/b12016

, Trend to equilibrium for dissipative equations, functional inequalities and mass
transportation, Recent advances in the theory and applications of mass transport,
Contemp. Math., vol. 353, Amer. Math. Soc., Providence, RI, 2004, pp. 95-109.
doi:10.1090/conm/353/06434

, Optimal transport. old and new, Grundlehren der Mathematischen Wis-
senschaften, vol. 338, Springer-Verlag, Berlin, 2009. doi:10.1007/978-3-540-71050-9

(Daniel Hauer) SCHOOL OF MATHEMATICS AND STATISTICS, THE UNIVERSITY OF SYD-
NEY, NSW 2006, AUSTRALIA
FE-mail address: daniel.hauer@sydney.edu.au

(José M. Mazén) DEPARTAMENT D’ANALISI MATEMATICA, UNIVERSITAT DE VALENCIA,
VALENCIA, SPAIN
FE-mail address: mazon@uv.es


http://dx.doi.org/10.4007/annals.2009.169.903
http://dx.doi.org/10.1006/jfan.1999.3557
http://dx.doi.org/10.1006/jfan.1999.3557
http://dx.doi.org/10.1081/PDE-100002243
http://dx.doi.org/10.1007/978-3-540-73705-6
http://dx.doi.org/10.1007/978-3-540-73705-6
http://dx.doi.org/10.1007/978-3-319-20828-2
http://dx.doi.org/10.2307/2006981
http://dx.doi.org/10.1007/s11511-006-0002-8
http://dx.doi.org/10.1007/s11511-006-0003-7
http://dx.doi.org/10.1007/BF02418013
http://dx.doi.org/10.1017/CBO9780511525919
http://dx.doi.org/10.1007/978-3-540-44857-0_3
http://dx.doi.org/10.1007/b12016
http://dx.doi.org/10.1090/conm/353/06434
http://dx.doi.org/10.1007/978-3-540-71050-9
mailto:daniel.hauer@sydney.edu.au
mailto:mazon@uv.es

	1. Introduction
	2. A brief primer on gradient flows in metric spaces
	2.1. Metric derivative of curves in metric spaces
	2.2. Strong upper gradients of E
	2.3. p-Gradient flows in metric spaces
	2.4. Geodesically convex functionals
	2.5. Some notions from the theory of dynamical systems

	3. Kurdyka-Łojasiewicz-Simon inequalities in metric spaces
	3.1. Preliminaries to KŁ and ŁS-inequalities
	3.2. p-Gradient flows of finite length
	3.3. Talweg implies KŁ-inequality
	3.4. Existence of a talweg curve
	3.5. Trend to equilibrium of p-gradient flows in the metric sense
	3.6. Decay rates and finite time of extinction
	3.7. Lyapunov stable equilibrium points
	3.8. Entropy-transportation inequality and KŁ inequality

	4. Applications
	4.1. The classical Banach and Hilbert space case
	4.2. Gradient flows in spaces of probability measures.

	References

