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ABSTRACT. For displacement convex functionals in the probability space equipped with the
Monge-Kantorovich metric we prove the equivalence between the gradient and functional type
Lojasiewicz inequalities. In a second part, we specialise these inequalities to some classical
geodesically convex functionals. For the Boltzmann entropy, we obtain the equivalence between
logarithmic Sobolev and Talagrand’s inequalities. On the other hand, the non-linear entropy
and the Gagliardo-Nirenberg inequality provide a Talagrand inequality which seems to be a new
equivalence. Our method allows also to recover some results on the asymptotic behaviour of the
associated gradient flows.

1. INTRODUCTION

Lojasiewicz inequalities have long been known to be extremely powerful tools for studying the
long-time behaviour of a dynamical system in an Euclidean or Hilbert space, see e.g., [29, 19} 14, [7]
and references therein. On the other hand, in the optimal transport community a lot of excita-
tion followed the discovery of the “Riemannian structure” behind the set of probability measures
endowed with the Monge-Kantorovich distance, see [206] [T [I8] 32 21]. In this article we aim at
making some connections between these two research fields through flows and functional inequal-
ities. We indeed formulate Lojasiewicz inequalities in the probability space equipped with the
Monge-Kantorovich distance and we prove their equivalence in the case of displacement convex
functionals. Both types of Lojasiewicz inequalities can be viewed as families of abstract functional
inequalities. Hence for specific choices of functionals their equivalence translates into the equiv-
alence between functionals inequalities as famous as the logarithmic Sobolev, Talagrand type or
the Gagliardo-Nirenberg inequalities. Some of these connections were known, see e.g., [27], we
recover them here in a transparent and unified way. To the best of our knowledge the equivalence
between Gagliardo-Sobolev inequality and the Talagrand type inequality (23]) is new.

On the other hand, it is well known that functional inequalities are crucial tools to study the
large time behaviour of numerous partial differential equations or of their corresponding stochastic
processes, see e.g., [3| 12} [T, 24], 23] 2], [15]. In optimal transport, the interplay between functional
inequalities and dynamical systems has also been the subject of many studies see e.g., |5l [10} [15]
[I7]. Our approach brings new insights into these stabilization phenomena and provides general
convergence rate results in the presence of a continuum of equilibria (see Theorem [2)).

In Section Bl we state two fundamental types of Lojasiewicz inequalities and prove that they
are equivalent for displacement convex functions. General convergence rate results for subgradient
systems are also provided. Our results do not subsume the uniqueness of a minimiser. In Sec-
tion [Bl we translate these inequalities into functional inequalities in the case of the Boltzmann and
non-linear entropies.

Notations, definitions and classical results on Monge-Kantorovich metric and optimal transporta-
tion are provided in Section @ For a thorough exposition see [1].
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2. LOJASIEWICZ INEQUALITIES FOR DISPLACEMENT CONVEX FUNCTIONS

2.1. Main results. Let P2(R?) be the set of probability measures in R? with bounded second
moments. In the sequel J : Pa(R?) — (—o0, +00] is a lower semi-continuous displacement convex
functional. This implies in particular that the domain of J, denoted by dom 7, is convex in the
sense of optimal transport:

For any p, v in dom J, the McCann interpolant between p and v exists and lies in dom 7. (1)

The functional J is called proper if dom J # ().

Two inequalities of Lojasiewicz type. Assume that J has at least a minimiser, set J =
min{J[p] : p € P2(R%)} and fix rg € (J, +0o0], 6 € (0,1]. We consider the two following properties:

Property 1 (Lojasiewicz gradient property). There exists ¢, > 0 such that for all p € Py (R9),
N N\ 1-6
Tl =T <re = Wweddlpl, ¢ (Tl -T) <l (2)

Property 2 (Functional Lojasiewicz inequality). There exists ¢y > 0 such that for all p € Py(R?),

Tl =T <10 = ey Walp, Avgmin 7)"/* < Jlp] = J. (3)

Remark 1. (a) Original inequalities for analytic and subanalytic functions can be found in the
THES lectures [30] by Lojasiewicz. Several generalisations of gradient inequalities followed, see in
particular [29] 22 [6].

(b) In this infinite dimensional setting, the above Lojasiewicz inequalities should be thought as
families of functional inequalities. Formal connections with the Talagrand, logarithmic Sobolev
and Gagliardo-Nirenberg inequalities are provided in Section Bl

The displacement convexity of J induces existence and uniqueness of the associated gradient
flow but also convergence of the minimising scheme, stability, contraction of the semi-group,
regularising effects (see [I, Chapter 11] and references therein). These properties are also true
without assuming (II) but for a more restrictive notion of convexity associated to generalised
geodesics, this is the subject of a forthcoming work.

We now state our two main theorems.

Theorem 1 (Equivalence between Lojasiewicz inequalities in Py(R?)). Let J be a proper lower
semi-continuous displacement convex functional which has at least a minimiser. Then the Lojasiewicz
gradient property (@) and the Lojasiewicz functional property [B) are equivalent.

Remark 2. (a) Theorem [ does not provide a simple relationship between ¢y and ¢, and the
optimality of the constant might be lost. Indeed our proof only gives ¢4 = cfc when one establishes
@) = @), while ¢; = (0cy)'/? when @) = @) is proved.

Yet, when 6 = 1 the equivalence between [2)) and (@) holds with ¢y = ¢,.

(b) Assume for simplicity that J = 0. The extension of the gradient Lojasiewicz inequality by
Kurdyka [22] in our setting writes

Jlpl € (0,m0) = Vv edTlpl, 1< (TlpDlIv, (4)
for some ¢ € C°[0,7r9) N C*(0,7p) is such that ¢(0) = 0 and ¢’ > 0 on (0,79). Note that @) is
nothing but inequality () with ¢(s) = s?/(6c,). As in Theorem [[one can prove that this implies:

Tl <ro = ¢ (Walp, Argmin 7)) < Jp] (5)

Yet @) and (@) are not in general equivalent. One can build a C? convex coercive function in
R? which satisfies () but not @) (see [§]). The construction is fairly complex, involves highly
oscillatory behaviour of level sets and originates in [7]. This limitation helps to understand the
discrepancy between constants mentioned in item (a) of this remark.
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Our second result concerns the flow of —0.7 and is simply a Monge-Kantorovich version of the
classical Hilbertian results. For a given proper lower semi-continuous functional J : Pa(R?) —
(=00, +00] which is displacement convex, and pg € dom ., we consider absolutely continuous
solutions p : [0, +00) — P2(R%) to the subgradient dynamics:

%p(t) +0J[p(t)] 20, for almost all ¢ in (0, +o00), (6)

with initial condition p(0) = pg. Such a solution exists and is unique see [I, Theorem 11.3.2, p.305]
and [T, Theorem 11.1.4, p.285]. Moreover by the energy identity [I, Theorem 11.3.2, (11.3.7),
p-305], one has:

Jlp(+)] is non-increasing, absolutely continuous, (7)
L 710) = [ 2pt0]| . on 0,450 0
7P = " .. on (0, +00).

As recalled in the introduction it is well known that functional inequalities are key tools for the
asymptotic study of dissipative systems of gradient type. If Lojasiewicz inequalities are seen as
families of functional inequalities, the theorem below could be considered as an abstract principle
to deduce the convergence of a gradient flow from a given functional inequalityEl.

Theorem 2 (Global convergence rates and functional inequalities). Assume that J is a proper
lower semi-continuous displacement convex function, has at least a minimiser and satisfies ([B]).
Consider a trajectory of (@) starting at a measure py such that J(po) < 0.
Then this trajectory has a finite length and converges to a minimiser ps of J for the Monge-
Kantorovich metric. Moreover the following estimations hold:
(i) If 6 € (0,c1/2),

1

Tt~ J < {(Tloo] = I+ & 200} T
Walp(th po) < = {(Tlon] = 7 + 21— 200} T

(ii) If 0 = 1/2,

(111) If 6 € (1/2,1] we observe a finite time stabilisation: The final time is smaller than

(Tlpo] = )*

T =
c2(20 1)

When t is in [0, T]
. 1
Tlp®)] =T < ((Tlpo) = min J)*~1 — (20 — 1)t)

1 . _ _0
Walp(t), ) < — ((Tlpo] — min )2~ = 2(20 — 1)1) T

9
Remark 3. (a) The above theorem relies on a “zero-order” functional inequality in the sense that
inequality @) only involves the value of the function J and no higher order information.
(b) A second fundamental feature of this convergence result is that it does not subsume the unique-
ness of a minimiser which is uncommon in the domain.
(¢) Tt can be proved that the generalised Lojasiewicz gradient inequality of Remark ] (b), often
called Kurdyka-Lojasiewicz property, allows as well to study the convergence of gradient sys-

tem (@).

1See Section Blin which some classical functional inequalities are interpreted as Lojasiewicz inequalities
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2.2. Proofs of the main results.

Lemma 1 (Slope and convexity). Let J be a proper lower semi-continuous displacement convex
functional and p € domd.J, v € dom J two distinct probabilities in R:. Then
Tyl = T
Wa(p,v)

Proof. Set oo = Wa(u,v). Let [0,a] >t — py = jiy/o where py is McCann’s interpolant between
and v (recall assumption (). Since t — J[p¢] is convex, we have

j[Pa] - j[PO] < lim su j[pa] - j[p'r]
« - T*}&p a—T .

Recalling that Wa(py, pr) = |t/a — 7/alWa(u,v) = |t — 7| for all time (¢,7) € [0,a]?, the above
can be rewritten as
T =J _ . Il = Ilp-]
== <limsup Y———
WQ(M) V) N Tﬁap WQ(”; p‘r)

where the last equality follows from (23]).

< N0°T[ulll- (9)

< VT = 10° T[],

Proof of Theorem [ With no loss of generality, we assume that min 7 = 0.
e B) = @). If p € Argmin J there is nothing to prove. Assume that J[p] € (0,7), take v in
0J|p]. By Lemmal[ll for any p in Argmin 7, we have

Tlpl <Wa(p,p) v,

and thus
T1o] < Walp, Argmin 7) [[v] .

By Lojasiewicz functional property (), we obtain

0
1
7= [19] 1,
cr
or equivalently c(jcj[p]lfe < |lv||. This is the claimed result with ¢, = cs)c.
o @) = @). Take po with J(po) € (0,7¢) and consider the dynamics

P+ 0T ()] 2 0 with p(0) = po. (10)

Set ¢ = sup{t : J[p(T)] > 0,Vr € [0,t)}. If ¢ < +oo, the continuity of J[p(-)] ensures that
Jlp(t)] = 0. By (@), one has J[p(t)] = 0 for all ¢ > ¢. Thus by integrating (8)) over (f,7) (with
T>1)
- 2
Tlp(®) - Tlelr) = [ ds =0 ay
£
hence p(t) = p(t) for all t > ¢.
We now consider the case when ¢t < ¢ so that J[p(¢)] > 0. By the chain rule, we have

— L7101 = —0Tlpe < T(p(t)] ace. on (0,).
dt dt
As p satisfies the dynamics ([I0), we have by (8]
d 0 _ g I
S 1T1o] = 07100 | Sp0)] ac. on (0,
Using Lojasiewicz gradient property (2]), we obtain
d d | .
3 W) = ot | o0 | It0 7,
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for any v(t) € 0J[p(t)]. Using the gradient dynamics one may take v(t) = dp/ dt for almost all
t, to obtain

d , d
- — t >c 0 ||—p(t 12
5 0017 = 0 |-0t0) 12)
Integrating between 0 and ¢ € [0,7) and using the absolute continuity of J[p(-)], we obtain
t
d 1
0< — ds < — [T%[po] — T°[p()]] -
< [ || as < 25 19710 - Tlote]
As a consequence of ([Il) this yields
L)
, 13
L7 |eo] as< 5% (13)
which implies in particular that || dp )/ dt|| is bounded in L(0,00).
Claim 1. If an absolutely continuous curve Ry >t — pu(t) € Po(R?) satisfies
—pu(t) ‘ dt < o0
[
then p converges to some fi as t — oo in the sense of the Monge-Kantorovich metric.
Proof of Claim. Simply observe that the absolute continuity implies that
1 d
Walpen) < [ |pucn)| o (1)
t

and thus p is a Cauchy curve for the Monge-Kantorovich distance. Since R? is complete so is
Pa(R?) (see [I, Proposition 7.1.5, p.154]) and ¢ ~ p(t) converges to some fi as t goes to infinity.[]

If we did not have lim;_, 4o J[p(t)] = 0, property (2) would imply that the subgradients along
p(+) are bounded away from zero and thus there would exist a positive constant ¢ > 0 such that
|| dp/ dt|] > e. This would contradict the integrability property (I3]).

Thus lim J[p(t)] = minJ = 0. Since J is lower semi-continuous the limit p of p satisfies
p € Argmin J.
Combining (I3)) and (I4]), we obtain
. _ > d 1
mmAmmwsm%ms/Hgmms—ﬁml (15)
0 t Cg9
which was the stated result with ¢y = (9cg)%. This concludes the proof of Theorem [ O

Let us now proceed with the study of subgradient curves.

Proof of Theorem [2]In view of the estimation of convergence rates, observe that inequality (I3
implies

Walp(t) H—% < 257°bl0) (16)

and p = p. From the above results hmt_,oo Jlp(t j = 0 and p converges to a minimiser

Poo := p of J. Using ([[2)):
d , d
—EﬂJMMJz%ﬂﬁyww

and applying once more (2 we obtain

d _
- [T®)°] = 5o Tlpt)]' . (17)
Setting z(t) = J[p(t)]? for t € (0,%), this gives the following differential inequality
—4(t) = c202(t)/°~" on [0,%).

Integrating the above inequality we obtain the desired estimates for [J[p(t)]. Those for the Monge-
Kantorovich distance follow from ([IG]).
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3. APPLICATIONS TO FUNCTIONAL INEQUALITIES
Let V : RY = RU{+oc} be a lower semi-continuous convex potential such that

U = intdomV # 0,
/ exp(=V) =1.
Rd

This defines a log-concave probability measure p* = exp(—V) da. Consider a lower semi-
continuous convex function f : [0, 4+00) — [0, 4+0c) such that the map s € (0, +00) +— f(s79)s?
is convex and non-increasing. Standard examples are f(s) = slogs or f(s) = s™/(m — 1) with
m > 1—1/d. The relative internal energy is defined as

7 / f(p/p*)dp* if p is absolutely continuous w.r.t dp*
pl =1 Jra

+ oo otherwise.

It is known that J is lower semi-continuous and displacement convex in Py(R?) [I Theo-
rem 9.4.12, p.224]. Let us introduce Py (s) = sf'(s) — f(s) for s > 0. Denote by L,%(Rd) the space

of square p-integrable functions in R%. By [I, Theorem 10.4.9, p.265]

domog = {p e Pa(RY) s Pyl € W00, 8 (Py (o) € L3R}
and
P ?
T = [ |29 (Psto/)| . (18)
In this context Lojasiewicz gradient inequality ([2) would write
1-6
/Rd V (P(p/p*)) dp > ¢g (/]Rd f(p/p*)dp*) , Vp € Pa(RY), (19)

for some ¢, > 0 and 6 € (0,1]. Theorem [ asserts that this inequality is equivalent to the functional
Lojasiewicz inequality (B):

Wh(p, Argmin J)V/0=0) < ¢ / F(p/p*)dp", ¥p € Pa(RY, (20)
Rd

for some cy > 0.

Whether such inequalities are satisfied for a general f is not clear. However in the case of
Boltzmann and non-linear entropies i.e., f(s) = slogs or f(s) = s™/(m —1) with m > 1—1/d,
much more can be said as shown in the next sections.

3.1. The logarithmic Sobolev inequality is equivalent to Talagrand type’s inequality.
Consider the case when f(s) = slogs, so that for all p in the domain of 7,

J[p]:/ plogp+/ pv .
Rd Rd

dom 9T = {p € Wige (RY), Vlog < ) © LQ(Rd)}

In this case Lojasiewicz gradient inequality is actually the following logarithmic Sobolev inequa-

lity, see e.g., [32, Formula (9.27), p.279]:
/ log (%) dp} ,Vp € domdJ,
R P

L eI

dp > ¢4
with ¢ >0 (and 0 = 1/2, rg = 400).

We have
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On the other hand the functional Lojasiewicz inequality (B]) is exactly a Talagrand type inequa-
lity:

cWa(p, p*)? < /Rd log (p—ﬁ;) dp*,¥p € L*(R?) with ¢; > 0.

Therefore Theorem [I] ensures that, up to a multiplicative constant, Talagrand and logarithmic
Sobolev inequalities are equivalent. This result was already known, see [27]. The corresponding
gradient system is the classical linear Fokker-Planck equation describing the evolution of the
density within Ornstein—Uhlenbeck process. Exponential stabilization rates are of course recovered
through Theorem

3.2. The Gagliardo-Nirenberg inequality is equivalent to a non-linear Talagrand type
inequality. Let d > 1 and consider now that f(s) = s™/(m — 1), with m > 1 —1/d. The unique
minimiser of 7 is a Barenblatt profile, see [31]

m—1 4 T d
* = — A R 21
p@) = (o= Ztlel) " e R, (21)

where o > 0 is such that / p* = 1. Besides, we have
Rd

m—1
domdJ = {p e Whl(RY): v (ﬁ) € Li(Rd)} :
P

m—1
P

and
2

dp.

0 _ m?
07l = 75 |

Inequality () thus writes

i\

while (@) is
/ L(2) dp* > cyWa(p, p*)'/°.
Rd T — 1 p* -

By [16] inequality (22)) is an instance of Gagliardo-Nirenberg inequality and holds true for ¢, = 2
and 6 = 1/2. Therefore we have the following seemingly Talagrand type inequality:

For all p € Wli’cl (R9) such that
m—1 o
/ \Y (ﬁ) ‘ dp < o0
Rd

p*
1 P\" 2
— L) —1ldpr>2 . 2
m_l/Rd Kp*) ] p" = 2Wa(p, p")”, (23)

where p* is the Barenblatt profile of (21]).

we have

Remark 4. Similar results were obtained by very different means in [20] and also in [4] for the Wy
distance.

Observe finally that the application of Theorem [2lin this framework allows to recover conver-
gence rate results of nonlinear Fokker-Planck dynamics

d
= Ap™ + div pV, p(0) € dom J,

see e.g., [16, 13, I1].
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4. APPENDIX: NOTATIONS AND FUNDAMENTAL RESULTS

Let us remind here a few elements of formal geometry of the probability measures with the
Monge-Kantorovich distance. General monographs on the subject are [I1 [32] 28].

4.1. Monge and Kantorovich’s problems. Let X and Y be two metric spaces equipped re-
spectively with the Borel probability measures y € P(X) and v € P(Y). For p € P(X) and a
Borel map 7' : X — Y, Ty p denotes the push forward of ;1 on v through 7" which is defined by
Tup(B) = u(T~1(B)) for every Borel subset B of Y or equivalently by the change of variables
formula

[ ¢ atun= [ o) anto), o e ). (24)
Y X

A transport map between p and v is a Borel map such that Ty = v. For (pu,v) € P(X) x P(Y)
the Monge optimal transport problem writes

1
2

Wa(p,v) = inf {/X |z — T(2)|* du(z) : Typ = y} . (25)

When X =Y, W, defines a distance on the subset of probabilities on X with finite second-order
moments.

From now on, we assume X =Y = R? where d is a positive integer. Set

Po(RY) = {u € P(RY): / lz|2dp < +oo} (26)
Rd
The solution to ([Z8) is called an optimal transport. Such a transport generally exists thanks to:

Theorem 3 (Brenier’s theorem [9, 32]). Consider (u,v) € P2(R%)? and assume that p is reqular
in the sense that each hyper-surface has a null measure. Then the Monge optimal transport pro-
blem ([28) has a unique solution T called the Brenier map. Moreover T = Yu p-a.e. for some
conver function u : R? — R and Vu is the unique (up to pi-a.e. equivalence) gradient of a convex
function transporting p onto v.

4.2. Convexity and geodesics.

Definition 1 (McCann’s interpolant and geodesics).

(i) Consider (vp,v1) € P2(R%)? and assume that there is a Borel map 7' : R? — R such that
Tuvg = v1. The McCann’s interpolant between vy and vy, see [25], is the curve of measures

t€0,1] — v = ((1 —t)id + tT) »1p.
(ii) A curve [0,1] 3 ¢t — 14 in P2(R?) satisfying
Wa(vi, vs) = [t — s|Wa(ro, 1)
is called a (constant speed) geodesic.
We verify easily that a McCann’s interpolant is a geodesic.
Definition 2 (Displacement convexity). The functional J: P2(RY) — (—oc,+o0] is called dis-
placement convex if for every pair (vp,11) € dom J x dom J and McCann interpolant {v;}e(0,1]
between 1y and v, one has
Tn] < (1 =1)T vl +tT[m],
for every ¢ € [0, 1].
By [32, Proposition 5.29, p.161]:
Proposition 1 (Convex inequality). Let J : P2(R?) — (—oc,+o0] be a displacement conver
function, and vy € dom dJ, v1 € dom J be two probability measures. Then

Tl = Thl + [T, (27)

where {Vt}iep0,1] is the McCann’s interpolant between vy and vi.
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4.3. Riemannian aspects, [26[T]. Let p be in P2(R%), the tangent space to P2(R%) at p, written
T,P2(R%), is identified to the subspace of distributions formed by the vectors s = —V-(pVu) where
u ranges over C™°(R% R). The scalar product of two vectors s; = —V - (pVuy), s2 = —V - (pVus),
is given by
<81, 82>p = Vu1 . VUQ dp.
Rd
The associated norm is as usual [|s| = [|s]|, := (s, 5),.

Let J : Po(R?) — (—o0, +00] be a displacement convex function. Define the metric (or strong)
slope of J at p € dom J by

— +
IV|T[p] = liﬁlj};p %

For the subdifferential of J, we pertain to [I, Definition 10.1.1, p.229] which also admits the
equivalent formulation:

€ (—o0, +0q].

Definition 3. ([1, Property B, p.231]) Take p € dom|V|7,v € dom J, v € L2(R?), and denote
by T the optimal transport from p to v. Then

vedTl] & I > Il + / () (T(a) o) dp(a).

The set AJ [u] is obviously closed and convex in LZ(R%). When it is nonempty, one defines the
minimal norm subgradient

0T (1) = Avgmin {[[v] 3 ee) : v € DT[]}, (28)
see [I, Lemma 10.1.5, p.233]. In the same lemma it is shown that dom dJ = dom |V|J and
VT (1] = [10°T [lll, Vi € Pa(RY). (29)
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