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Sub-gaussian measures and
associated semilinear problems

Pierre Fougeres, Cyril Roberto and Boguslaw Zegarlinski

Abstract. We study the existence, smoothing properties and the long
time behaviour for a class of nonlinear Cauchy problems in infinite dimen-
sions under the assumption of F-Sobolev inequalities.

1. Markovian semilinear Cauchy problems: Introduction

In the bulk of this work we consider the following formal Cauchy problem:

(MCP) {%u(t) = Lu(t)+)\u(t)G(%>
w0 = f,

where L is a (linear) Markov generator and G is a certain nonlinearity (vanishing at
one), to be specified later, and p is a probability measure. In the next paragraph we
are going to explain what is needed to understand the meaning of this equation. Let
us nevertheless note here that under our hypothesis, constants are global solutions
of (MCP) and positivity of the initial data results with positive solutions. This
partially justifies to call it a Markovian Cauchy Problem.

Our analysis is carried out in suitable functional spaces involving a probabi-
lity measure on an underlying metric space, for which the growth of the volume
changes in a nonpolynomial way. This is necessary as we are in particular interested
in infinite dimensional problems. In such situation the Sobolev inequality which
provides a cornerstone for classical PDE analysis cannot be satisfied and we have
to rely on weaker coercive inequalities which survive the infinite dimensional limit
and are of the following form:

2 92 2
u(g F(—z)) <culVgl®,
g

with a constant ¢ € (0, 00) independent of the function g and where the right hand
side involves the quadratic form of the elliptic operator L. Inequalities of this type,
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called later on F-Sobolev inequalities, have been recently studied in [3], [4], [29]
and [25] (see also references therein) for probability measures with tails decaying
more slowly than the Gaussian ones but faster than exponentially.

In our setup the linear operator L is monotone in the usual sense, while the
nonlinear part may work to an opposite effect. Our study determines how large
the coupling constant A > 0 can be, so that the system is still stable in the sense of
existence, uniqueness, smoothing properties and the ergodic long time behaviour
of a (weak) solution.

We note that the linear semigroup corresponding to L is hypercontractive in
an appropriate family of Orlicz spaces; in fact, as shown in [3] (generalising the
celebrated result of Gross [18]), such hypercontractivity is equivalent to F-Sobolev
inequality. Under suitable conditions, we show that the nonlinear semigroup ob-
tained as the solution of (MCP) is Cp, positivity and unit preserving, and is also
hypercontractive in the appropriate family of Orlicz spaces. The key ingredients
in our programme are provided by the F-Sobolev inequality and the fact that the
quantity on its left hand side has similar properties to the relative entropy.

In recent years, an extensive effort has been made to understand better the
coercive inequalities in infinite dimensional functional spaces, (see, e.g., [19], [3],
[29], [25] and references therein). This provides a basis and partial motivation to
study nonlinear problems. One may hope that a study in this direction may in the
future shed also some light on or provide a complementary systematic understan-
ding for a class of problems in infinite dimensions for which some understanding
was achieved in the past (as, e.g., problems from mathematical physics). This
work is also partially motivated by [16] where certain preliminary results where
obtained for the case when logarithmic Sobolev inequalities are true. We note also
that non-local problems involving certain normalisation condition were extensively
studied in a finite dimensional setup in connection, for example, with statistical
mechanics (mean field equation), self-dual gauge theory, theory of electrolytes and
thermistors, mathematical biology (chemotaxis) and others (see, e.g., [9], [6], [8]
and references therein).

The organization of our paper is as follows. In Section 2 we introduce the gene-
ral setting and describe in detail conditions imposed on the linear and nonlinear
operators appearing in our problem.

In Section 3 we introduce some Young functions whose associated Orlicz spaces
play a key role in our analysis of (MCP). We also prove there some bounds
involving Dirichlet forms and these Young functions.

In Section 4 we prove the existence and uniqueness of the weak solution of
problem (MCP) (weak solutions are formulated in terms of the Dirichlet form (€, D)
associated to L). In short, our strategy is as follows. We first consider a mollified
problem with initial data in Lo(u) defined by smoothing the nonlinear part with
the linear semigroup P, € > 0, generated by L. Then, under the assumption
that the coupling constant A > 0 is sufficiently small, we employ the F-Sobolev
inequality to prove the existence and uniqueness of the mollified problem via a
nonlinear iteration scheme. The estimates and technique developed there will help
us later to remove the mollification and to demonstrate that in the limit e — 0 we



SUB-GAUSSIAN MEASURES AND ASSOCIATED SEMILINEAR PROBLEMS 307

obtain a unique solution of our original problem. The essential part of the analysis
which allows us to arrive to that conclusion is based on the fact that for initial
data from a suitable Orlicz space (dense in La(u)) the solution lives within a much
finer space. Let us notice here that this approach may be performed when (€, D)
is a general Dirichlet form.

In Section 5 we show that the solution of (MCP) defines a Cyp-semigroup which
preserves positivity (Lo(p) contractivity of this nonlinear semigroup was already
proven in Section 4). Moreover, we demonstrate that the solution decays expo-
nentially to a constant in Lo(p) space and consequently the time average of the
solution converges almost everywhere to that constant.

In Section 6 we prove that the semigroup is uniformly hypercontractive in
certain family of Orlicz norms, i.e., hypercontractive in the corresponding metrics
(as we are dealing with nonlinear semigroup, hypercontractivity in the norms is in
general a weaker property).

In Section 7 we demonstrate that the coercive inequalities which formed a basis
for our study hold true in a large class of infinite dimensional models.

In Section 8 we briefly consider the corresponding local problem (in which
normalisation by mean value with the measure u is not present). The analysis
here is entirely based on smoothing properties of the linear semigroup generated
by L which follows directly from corresponding F-Sobolev inequality. Therefore
it allows us to consider essentially weaker nonlinearities than the ones considered
earlier for (MCP).

Finally, Appendix I collects all the definitions and properties about Orlicz
spaces we need, while Appendix II contains an explicit example the reader may
like to keep in mind while reading the paper.

2. General setting and main theorem

2.1. Linear part, coercive inequality, admissible nonlinearity

Condition (CO0): The linear operator L involved in (MICP) is the infinitesimal
generator of a Cy Markov semigroup (P;)¢>0 symmetric with respect to some tight
probability measure j1 on a separable metric space.

It is well known that tightness of u comes for free when the underlying space
is a Polish space.

Everywhere in the paper we will use the notation pf = pu(f) = [ fdp to denote
the integral w.r.t. p of an integrable —or nonnegative measurable— function f .

Let us give some useful precisions at least for non specialists. We refer to [12]
for a brief overview of fundamental notions, see also the nice introductory part of
Section 4 in [31]. Let M be a separable metric space, let By be its Borel o-field and
let p be a tight probability measure on it. A densely defined unbounded operator L
on D(L) C L?(u) satisfies condition (CO) provided it is a non-positive self-adjoint
operator such that the associated symmetric Cy semigroup (P;);>0 = (etL)tzo of
contractions on L?(u) is Markovian, in the sense that it satisfies, for any ¢ > 0,
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(i) Positivity preserving: P;f > 0 for any f > 0.
(ii) Contraction on L>®(p): | Prflleo < ||floo-
(iii) Mass conservation: P;1 = 1.

In case of linear semigroups, naturally (iii)+(i) implies (ii). By duality, P; may
be extended to a contraction semigroup on L!(x). From (i) and (ii), as well as
from symmetry of P, one can get the following representation of P, under our
(quite weak) topological assumptions® on M: there exist a measurable family of
probability measures p;(z, dy) on (M, By) such that, for any t > 0, any f € L'(u),
and for p almost every x € M,

(2.1) Pof(x) = /M F(0) pe(e, dy).

In finite dimension one often talks about the kernel as the density of p;(z, dy) with
respect to some natural measure, while in infinite dimensions it may be difficult
to have such reference measure and even more such densities (as we do not have
ultracontractivity in our setup). As a consequence of (2.1), Jensen inequality holds:
for any f € L'(1) and any nonnegative convex function ®, ®(P,f) < P,(®(f)).

Note also that from the symmetry of P, and (iii) it follows that p is an invariant
measure, i.e., u(Prf) = p(f) for any f € L(p).

In the one to one correspondence between non-positive self-adjoint operators
and symmetric (non-negative definite) closed forms given by

E(u,v) = p((=L)"?u) (-L)"/?v)), u,v €D =D((~L)"?),

the Beurling—Deny conditions show that Markov generators correspond to con-
servative? Dirichlet forms. Namely, those forms on which normal contractions®
operate. See [17] for finite dimensional setting and under local compactness as-
sumption on M see [7] and [27] for some infinite dimensional and/or non-symmetric
setting and without topological assumptions. This provides a concrete way to cons-
truct symmetric Cy Markov semigroups: the semigroup is specified once we choose
an appropriate domain to close a given closable Markovian form.

One may characterize the domain D of the Dirichlet form by means of spectral
theory in the following way. For any u € L2(u), t € (0,00) %u((u — Pau)u) is
non increasing and

1 1
(2.2) D= {u € L%(p) : lim — Ep, (u,u) = sup - Ep, (u, u) < Jroo}
i Ex

INote that one can get rid of usual assumption of completeness of M provided the proba-
bility measure p is tight: follow the approach of Proposition 3.1 in [2] and use disintegration
fit(dz, dy) = pi(z, dy)pu(dz) of the measure on M x M defined by ft(A X B) = [ Pi(14)1p du.
For existence of such a disintegration, see [13] or [14], where the proof of Theorem 10.2.2 may be
adapted to our setup.

2That is, i is a probability measure, 1 € D and £(1,1) = 0.

3A function 1 : R — R is a normal contraction if [¢)(x) —1(y)| < |z —y|, z,y € R and 1(0) = 0.
1 operates on & provided, for any u € D, ¢(u) € D and E(P(u), P(u)) < E(u,u).
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with Ep, (u, u) = p((u — Pu)w) (see page 22 of [17], for example). But, by inva-
riance property,

p((u— Pou)u) = %/M,u(d:n) /M (u(z) — u(y))2pt(m,dy).

And one has the following representation formula: for any u,v € D,

23)  Ewo)=lim 5 [ ) [ (ule) =) (o(@) ~ o) (o).

t—0 2t
>0
When considering the Dirichlet form, we will write abusively

E(f. 1) = n(VIP) / V2 du

for natural reasons (see Example 2.1 for instance).

Note finally that from classical semigroup theory, for any ¢ > 0 and any
f €L2(u), P,f belongs to D(L), is differentiable in L?(x) and v(t) = P, f is the
strong solution (in IL?(y) sense) of

{ 2u(t) = Lo(t), t>0,

(2.4) ot

The reader might keep in mind, as a guideline, the following basic example,
that illustrates the general setting we have just presented.

Example 2.1. We adapt [31] to our setting. Let M be a complete connected Rie-
mannian manifold (without boundary) with Riemannian volume dx (the problems
we investigate are already of interest in M = R™). Let U be a smooth function
on M such that Z = [, e”Y®dz < oo and let p(dz) = e~V @dx/Z. We denote
by C°(M) the space of compactly supported smooth functions on M. The oper-
ator Lf = Af — VU -V f, with f in the domain C°(M) C LL2(u), is a symmetric
non positive operator (note that here A, V and the scalar product - are relative
to the Riemannian metric). This comes from the integration by parts formula: for

frg9 € C(M),
E(f9) = /M(*L)f(x)g(ﬂc)/«t(dx) = /M V() Vg(z) p(dx).

Hence, the form £ is closable and its closure is associated to a self-adjoint operator
still denoted by L with domain D(L) C L?(u) (which generates a symmetric Co
semigroup of contractions (P );>o on L2(1z)). See [11], in particular Theorems 4.12
and 4.14. Positivity preserving and contraction of L*° () follow from Dirichlet form
theory by stability of D by appropriate smooth approximations ¢. of the unit con-
traction (- A 1)V 0, for which one easily checks that E(¢.(f), d-(f)) < E(f, f). As
(Py)i>0 solves (2.4), they also may be seen as consequences of the parabolic maxi-
mum principle. Note furthermore that regularity theory for the parabolic equations
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ensures that P,f € C°°(M) for any f € L'(u), from which existence of the kernels

pi(z, dy) follows. As M is complete, the closure W 1:2(u) of C2°(M) for the norm
[ fllwrz = (u(f?) + ,u(|Vf|2))1/2 coincides with the closure W12 () of the space

of C* functions with finite norm || - ||y1.2 (see [20] for instance). Hence W 12 (1)
and also D(L) contain all constant functions, and one has L1 = 0 and P;1 = 1.

In Subsection 7.1 we describe some more advanced examples where p is a
Gibbs measure in some infinite dimensional models coming from interacting spins
systems. See also [21] for a wider class of examples including degenerate generators.

Coercive inequality as a constraint on the Dirichlet structure. The admi-
ssible nonlinearity in (MCP) is specified by some regularity of the Dirichlet struc-
ture (u, £), € being a Dirichlet form on L2 (). Precisely, we introduce the following
requirements.

We assume that (u, £) satisfies an F-Sobolev inequality (a notion introduced by
Wang [32]) for some function F' we specify below. That is, there exists a constant
¢, € (0,+00) such that

I

for any f € D (or any sufficiently smooth function f). In this case we will use
a shorthand notation p € FS(c,). See the forthcoming Section 2.3 for more
comments on F-Sobolev inequalities.

In the case, F(x) = log(z), F-Sobolev inequality is the well known log-Sobolev
(or Gross) inequality. Let us note here that the scope of this paper does not include
directly log-Sobolev inequality: our approach to show existence of weak solutions
of (MCP) is based in particular on a regularity property proved in the forth-
coming Lemma 4.2 and strong convergence of a mollified solution in an appropriate
Hilbert space (see Theorem 4.10) which are not available when F' = log due to the
singularity at 0.

Let us introduce some conditions on the function F'.

Condition (C1): In all what follows F : [0,00) — R denotes a non decreasing C>
function such that F(1) = 0. We assume that there exist constants ¢ > 1 and
B > 0 such that

(€1 (i) vz > 0, zF'(z) < B.

{ (i) F is concave on [0, +00),

Note that, as F'(1) = 0, (FS) is a tight inequality in the restrictive sense that
both sides are zero for constant functions.

Note also that when F satisfies condition (C1), the value F(0) < 0 is well
defined. Let us define A = —F(0) > 0 so that

(2.5) A= xrél[%ﬁ] |F(z)| = max —F(z).
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Condition (C2): z F(z) is convex.

Condition (C3): There exists a constant 0 < R < oo such that

F(ab) < F(a)+ F(b) + R for any a,b € (0,00).

In Appendix II, we present a simple example of a p-symmetric Markov gener-
ator for some p with tails between Gaussian and exponential. Such p satisfies an
F-Sobolev inequality for some associated F' satisfying conditions (C1) to (C3).
The case when p is a Gibbs measure with the prescribed tails is studied in Sub-
section 7.1.

Nonlinearity. The nonlinear part in equation (MCP) is described by a func-
tion G. We assume that G is a perturbation of F' which satisfies the following
condition.

Condition (C4): With F satisfying condition (C1-C3), we assume that
G=F+J

with a bounded C' perturbation J : [0,00) — R such that sup z| 7’ (x)| < .

Under these hypothesis, B = sup, o |G’ ()] < oco.

Note that G(0) is well defined and G is Lipschitz at 0 (for a non-Lipschitz at 0
example, see [16]). When additionally
e J<0and J(1)=0

(so that G < F and G(1) = 0), we will say that G satisfies (MC4). Then constants
are global solutions of the corresponding parabolic problem (MCP) and we will see
later that positivity of the initial data results with positive solutions.

2.2. Main theorem

We now state our main theorem. See Section 4 for definition of a weak solution.

Theorem 2.2. Let L be a Markov generator like in condition (CO). Assume
that the associated Dirichlet structure (u,&) satisfies an F-Sobolev inequality with
constant cp with F satisfying conditions (C1), (C2) and (C3). Then, for any
A€ [0,0;1), any function G satisfying condition (C4) and any f € L2(u), the
Cauchy problem

- 2
{ %u :Lu—l—)\uG(#)
u(©0) =f
admits a unique weak solution on [0,00).
One may hope that under suitable assumptions we could perform regularity

theory in infinite dimensions, so that classical strong solutions exist. We do not
investigate this problem here.
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By changing F' into F/cp (and similarly with L and G), one can reduce the
problem to the case when cp = 1. Nevertheless, we state Theorem 2.2 as above
because, in general, there are very few examples where the best constant cp in
F-Sobolev inequality can be explicitly computed. However, for simplicity, in all
the sequel we will assume that F' is chosen so that to have

‘Cinnf{c>0:u€FS(c)}:1‘

and we will write p € FS without further mention on the best constant cp.

2.3. Some properties of F-Sobolev functional

Let us discuss briefly the basic properties and the links between F-Sobolev in-
equalities and the usual Poincaré and log-Sobolev inequalities. With this aim,
we consider (in this paragraph exclusively) more general F’s than those satisfying
(C1-C3), in particular we allow singularity at 0 and/or discontinuities.

As already mentioned, the choice F' = log corresponds to the well known
logarithmic Sobolev inequality [18]. On the other side, F(z) = Tj3,o) (see Re-
mark 22 of [3]) corresponds to Poincaré inequality. In this paper we shall deal
with intermediate inequalities corresponding to F behaving like log”, 8 € [0, 1].
Hence, in principle, the coercive inequality we will deal with is stronger than
the Poincaré inequality, and weaker than the log-Sobolev inequality. However, to
make this rigorous one possibility is to add some regularity assumption. Indeed,
if F'is C? in a neighbourhood of 1, then the Poincaré inequality holds as soon as
2F'(1) + F"(1) # 0, see Lemma 8 in [3]. On the other hand, the same conclusion
holds if F' > cl[3 o) for some ¢ > 0 by Remark 22 of [3].

Also, assuming that Poincaré inequality holds, only the behavior of F' at infinity
is relevant (see Lemma 21 of [3] for a result in this direction). This can be also
explained using the Rothaus-type inequality (2.6) below.

However, note that in our setting the assumption p € FS alone does not
guarantee, a priori, that u satisfies a Poincaré inequality.

In Section 8 an other type of coercive inequality, called ®-Sobolev inequality,
will be introduced and used. Since such inequalities are not relevant for the main
part of this paper we refer the reader to Section 8 for comments on them.

Now we state two useful results.

Lemma 2.3 (Generalized Relative Entropy Inequality). Suppose a function F
satisfies condition (C1). Then there exists B € (0,00), such that, for any x,y > 0,

zF(y) < xF(x) + By.

Therefore for any probability measure u, and any f,g € L?(p),

(GRET) [ el )< [ rF o )+ Bl ).



SUB-GAUSSIAN MEASURES AND ASSOCIATED SEMILINEAR PROBLEMS 313

Proof. Define §(z,y) =z (F(y) — F(z)). In the case x > y, §(z,y) < 0 as F is non
decreasing and so nothing has to be proved. So assume x < y. Now, if z > 0, then

Fy) - F(z)
y—x
And if on the contrary x < 6, §(z,y) < 0(F(y) — F(x)). But, in the case y > 1,
Fy) — F(z) < F(y) + A < (K + A)y where A was defined in (2.5) and K is
any constant such that V¢ > 0, F(§) < K& Whereas, in the case ¢ < y < 1,
F(y)—F(x) < ||F'Tjo,1)]lco y- This ends the proof of the bound zF(y) < 2F(x)+By
from which inequality (GREI) easily follows. O

oz, y) == (y — ) < aF'(z)y < By.

The next result (due to Rothaus [30] for the log-Sobolev inequality) is usually
used to tighten inequalities, using Poincaré inequality. Namely, by (2.6), if u

satisfies [ sz(%;z))d,u <c[|VfPdp+ u(f?) for some ¢, ¢’ > 0 independent of
f € D, and if p satisfies also a Poincaré inequality, then u € FS(¢’) for some ¢’ > 0.
It is probably possible to state a result involving a general set of norms, or semi-

norms, for which the result below apply. We do not investigate this problem here.

Lemma 2.4 (see [19] or [3]). Assume F satisfies condition (C1). Then

2

(2.6) u(f2F<W>> < u(?F(%)) +Ou(f?)

where f:f—uf and C = 4B + B.

3. Dirichlet/Young bounds

A key point in our analysis of (MCP) will be to obtain a regularity result in some
Orlicz spaces. The associated Young functions and the Dirichlet form satisfy some
bounds which we introduce now.

3.1. Young functions and Orlicz spaces

We refer to Appendix I for basics on Orlicz spaces and Young functions.

For any non decreasing C? function F : [0,00) — R such that z F(z) is convex
and any ¢ > 0, the function YT,(z) = |z[e?F(D) is a Young function so that
®,(x) = Y,(2?) is a Nice Young function (in short, N-function as called in [28]).
The associated Orlicz space satisfies L®¢ () C L2(1) with continuous embedding.

We now present some properties of the family (®,),>0 which will allow to get
the Dirichlet/Young type bounds we mentioned before. It is assumed here without
further mention that F' satisfies conditions (C1) and (C2).

Even if we won’t need this here, let us mention that an immediate conse-
quence of the additional condition (C3) is the sub-multiplicativity property for
the N-function ®, usually called A’-Condition:

(3.1) Qy(zy) < equ)q(m) Dy (y)-
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3.1.1. Some computations and a remark. The following simple computations
will be useful in the sequel. For any z > 0, one has Y/,(z) = e?¥(®) (1 + qz F'(2)),

Ty(x) = qet P@ ({2F'(2) + 2 F"(2)} + qu(F'(2))?)

(3:2) = qe""W ((@F(2))" + qz(F'(2))?)
and
(3.3) Y (x) = 27T/ (a®) + 42> Y7 (2?).

Remark 3.1. From the previous formulae, one easily gets that, in the case when F'
is bounded, Y| (x) and #Y(z) are bounded, so that ®;(x) is bounded as well.
This will be another ingredient to get our regularity result by approximating F' by
truncated functions.

3.1.2. Differential inequality and Dirichlet/Young bounds. Let us define
U, (z) = /Pq(x) = |m|e%F(x2). The following differential inequality holds:

) (@ (@)
(3.4) Ve e R, ®(z) >k, 10,(0)

2
=kq (‘I/;(m)) ,
with the constant

(3.5) ky=2/(1+4¢B).

For parity reasons, one may assume x > 0. Note that (‘I/;(O))2 makes sense. As T,
is convex and ®,(z) = Y, (z?), (3.3) gives

2y
D (x) > 270, (2%) = O (x) /.
Thus the relation
(3.6) z @) () =204 () (1 + gz F'(2*)) <2 (1+ ¢ B) y(x)
leads to the announced differential inequality on @,.

Remark 3.2. One can take k; = 2 instead of (3.5) in inequality (3.4) provided
v, = /P, is a convex function, which occurs for any ¢ > 0, if and only if F satisfies
the following additional Condition (C2bis): for any z > 0 , (zF(z))"” > $F/(z).

The differential inequality (3.4) leads to the following Dirichlet/Young bounds:
for any u € D and any ¢ > 0, ¥,(u) € D provided & (u) € D, and one has

(3.7) E(Pq(u), u) = kg€ (Wg(u), ¥g(u)) .

This is a direct consequence of the following lemma.
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Lemma 3.3. Let L be as in condition (CO) and let (€, D) be the associated Dirich-
let form. Let & and ¢ be two absolutely continuous functions on R satisfying the
differential inequality

(3.8) & >c()? ae.,
for some ¢ > 0. Then, for any u € D,
E(w) eD=((u)eD

and one has

E(&(u),u) = c&(C(u),¢(u)) .
Proof. The differential inequality (3.8) is equivalent to the following slope bound:

§@)—§@)ZC<C@)—C@)

3.9
(3.9) pra— pra—y

2
) for any = # y.

Namely, (3.9) implies (3.8) at any point where the derivatives do exist. And the
converse follows from Jensen inequality: for any = < vy,

(=) (L Poga) < [ewras

Let us first show that

(3.10) u,€(u) € L2(1) = C(u) € L ().

As u is a probability measure, one may assume that £(0) = ¢(0) = 0. Then (3.9)
implies that, for any = € R,

(3.11) c(¢(2))? < €(@)a = [¢(2)| |z]

as &(x) and x have the same sign. Hence, (3.10) follows from (3.11) and Cauchy—
Schwarz inequality in IL?(1). Now, the claim of the lemma follows from the char-
acterization (2.2) and the representation formula (2.3) as (3.9) can be rewritten as

Vo,y €R, (E(z) — E)(@ —y) = c(C(z) — C())*.

4. Existence problem

To prove the existence of a weak solution for Cauchy problem (MCP) we imple-
ment a constructive nonlinear approximation procedure. Usual Gelfand triple for
Sobolev spaces on a domain  C R?, that is,

[e]

W h2(Q) CcL?(Q) c W H3(Q)

(see [34]), has to be replaced by D C L?(u) C D', where D is equipped with the
domain Hilbert structure and D’ is its topological dual space.
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4.1. Weak solutions and preliminary regularity result

Given T € (0,00), define Hr 4 (€) = L%([0,7], D) as a Banach space of (classes of)
functions v : [0,7] x M — R, such that

T T
o]i2,., = / ds p? + / ds jlVol? < oo,

By Hr (&) = L2([0,T],D’), we will denote the dual space of Hr . (£).

Let A:Hp 4(€) — Hy _(€) be an abstract nonlinear operator. We say that a
function u € Hyp 4 (&) is a weak solution (on [0, T]) of the following Cauchy problem

(4.1) { O = LutAlw)

Ult=0 = /

with f € IL?(u), if and only if, for any v € C>°([0, T]; D) and any t € [0, T], we have
t t
(4.2) / w(u(s)0sv(s))ds = pu(t)v(t) — pfo(0) + / uVu(s) - Vo(s)ds
0 0

- /0 (A(u)(s),0(s))pr pds,

where (-, -)pr p stands for the duality bracket.
Note that condition (4.2) may be extended, by density, to any function v €
L2([0.7].D) N W((0,7), L (1)).

Remark 4.1 (Time continuity in L?(u) of weak solutions). A function u €
L2([0,T], D) satisfying (4.2) for any v € C§°((0,T); D) admits a weak time deriva-
tive Oyu in D’ which belongs to L?([0, T],D’), and so u € C ([0, T],L?(1z)) as shown
below. So that (4.2) makes sense when v € C*°([0,T]; D). From (4.2) at t = 0, it
follows that u(0) = f.

To understand this, first note that L may be seen in a weak sense as an operator
from D to D’ by setting, for any u,v € D,

(—L)u,v)pr.p = E(u,v) = p(Vu - Vo).

Applied to v(s) = ®(s)v for ®(s) € C°((0,T)), v € D and t = T, (4.2) implies
that

T T
( / u(s)® (s)ds,v) = ( / {(=Lyu(s) = A@w)(s)} ®(s)ds,v)
where v = fOT u(s)®’(s)ds € L%(u) is considered as an element of D’ via L?(u)
pairing: (v,v)pp = p(vv). This means that, in D', u(-) admits the weak time
derivative 9;u = Lu + A(u) which belongs to L2([0,T],D’) as ||[(—=L)u(t)||pr <
|u(t)||p. Deriving from this that u € C ([0, 7], L?(1)) may be found in Theorem 3,
page 287, of [15].
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Later on in this paper we discuss a situation when the operator A is given by
A(u) = AV(u) with a parameter A € R and

V(u)(s) = V(u(s)) = u(s)G (0 (u(s)))

where o(u) = W for u € L?(u), u # 0, and o(0) = 0.

In which sense this operator A maps Hy 4 (&) to Hy —(€) as before (so that
one may consider weak solutions for Cauchy problem (MCP) like in (4.2)) is made
precise in the following basic regularity result.

Lemma 4.2 (Regularity for the nonlinear operator). Let, for any u € D, V(u) =
uG(o?(n)). Suppose u € FS. Then, for any u,g € D, gV(u) € L' (1) and there
exists C' € (0,00) such that

lu(g V() < C lullp llgllp

In particular, V(u) € D' when acting on D with IL? pairing

(V(u),9)prp =p(gV(n)).

Moreover, the operator V:u € D — V(u) € D' is Lipschitz continuous. As a
consequence, for any v € Hy 1 (€), V(u) € Hy (&) and V : Hy 1 (€) — Hrp,_(£)
1s Lipschitz continuous.

Proof. Suppose u and g in D. Then one has, recalling G = F+7 by condition (C4)
and denoting x— = Xu2<pu(u2) and X4 = Xu2>p(u?)

|1(guG (o*W))| < 1T lle 1 (gl [ul) + 1 (lg] [ul |[F (o2 (w) )
< 1Tl I1ull2 lgll2 + 1 (Ig] fal(—F) (o2(w) x=) + p (lg] [ulF (o2 (w)) x+)
< (1T e+ A) Jullz gl + (1 (9°F (0> (W) x4))? (1 (WF (0>(w)) x4))"*

where we used that F(x) > 0 for « > 1, the definition (2.5) of A and the Cauchy—
Schwarz inequality. Now,

p(WF (0% () x+) = p (0’ F (0% (1)) + p (u*(=F) (0*(w)) x-)
< (V) + Ap (1) < max(1, 4) Jul

thanks to F-Sobolev inequality (F'S). Similarly,

p(g°F (02 () x+) < p(9*F (0(w)) + A (9%)
< u(g*F (c°(9))) + (A+ B)u(g*)
< u(IVgl?) + (A+ B)u (¢°) < max(1,A+ B)||g]3

thanks to (GREI) and another use of F-Sobolev inequality. So that finally

|1 (guG (0*(w))] < (1T ]l + A +max(1, A+ B)) |lgllp [ullp-
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Let us now turn to Lipschitz estimate. Suppose v # u and g are still in D.
From the first part of the proof and V(0) = 0, one may assume that u # 0 and
v # 0. Let us set u, = au+ (1 —a)v, a € [0,1], and let w = u — v. Assume first
that u, # 0 for any . Then we have

)

|1 (g [0G (c*(w)) —vG (UQ(V))])| < /01 do |p (g% [u.G (UQ(ua))])

with %uaG (az(ua)) explicitly given by
(4.3) wG(0%(ua)) +20%(ua) G’ (0% (1a)) w = 20°(1s) G (0% (ua)) p(o(ua) w).

Since by our assumption o2 !G’(02)| < E, we get

1) (s 16 (2) 6 (PO < [ dlit (w6 (02(0)

+ 2By (| w]) +2 B / dov o (] o (o)) p (| ()] [W]) -

Now, by similar arguments as above, one has
(4.5) 1 (gwG (0%(1a)))| < (1T |l + A+ max(1, A+ B)) llgllp [[wlp -

On the other hand, Cauchy—Schwarz inequality applied twice gives

w9l lo(ua)l) p(lo(ua)l [wl) < [[wllez [gllez,

so that finally
|1 (g [uG (0% (0)) = vG (o*(V))])] < Cllgllp IWlp

with a constant C' = || J||, + A + max(1,A + B) + 4B. We conclude by noting
that, in the case when u, = 0 for some a € (0,1) —so that o(u,) is singular—,
one has 02(u) = ¢%(v) and (4.5) with u instead of u, provides the corresponding
estimate. O

4.2. Mollified problem

Given f € La(p) and fixed parameters A € R and € € (0,00) , we define a sequence
Up : RT X M = R, n € ZT, such that ug is a unique solution of

{ 6tu0 = LUO
Uojt=0 = f

{ atun+1 = Lun+1 + )\PEV(’LL”)
un+1|t:0 = fv
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in the sense that
t
(4.6) Unt1(t) = Pof + /\/ ds Peyt—sV(un(s)).
0

We would like to argue that, in the case when ¢ = 0, for any T' € (0, 00), uy, € Hrp 4,
then w41 is a weak solution of (Ag) on [0,T] and w41 € Hp 4 (€) provided (FS)
with a constant 1 is satisfied, if we take A € [0,1) and T > 0 sufficiently small.
And that such sequence of solutions converges strongly to a weak solution of our
problem in a corresponding small time interval. Unfortunately, when ¢ = 0, equa-
tion (4.6) has only a formal meaning as in general || P;_s|| 5, _,, < C/(t—s) and not
better. This is the reason why we have to consider weak solutions instead of strong
solutions in IL?(y) as our solution will be a limit in time dependent Banach spaces
of the approximated solution we get when introducing an additional smoothing
by taking € > 0. In this case P.V is a Lipschitz continuous operator from D to
itself. This ensures that, for any f € L?(u) and for any T > 0, (4.6) determines
a (unique) un41 € C([0,T],L%(x)) N Hr 4 (E). Moreover, for any t > 0, up41(t)
belongs to the domain D(L) of L and is differentiable in IL?(x) with respect to t.
So that differential equation (A.) holds in a strong sense (in L2 (y)).

We now state a key technical lemma which will be useful many times later. We
introduce notation specific to this lemma in order to adapt the result to different
situations without confusion.

Lemma 4.3 (A priori estimates for strong and weak solutions). Suppose u € FS.
Let 0 < A< 1and T > 0. Let u;(t,x), v;(t,x), i« = 0,1, be four functions in
L2([0, T, D) N C([0, T], L2 ().

1) Assume that, for i = 0,1 and any t € (0,T], 4,(-) is differentiable in L2?(u)
at time t, w;(t) belongs to the domain of L and is solution in a strong sense
(that is in 1L2(n)) of

) { Zui(t) = Lu() + AP V@ (1), te(0,1]
5 w(0) = J;

with €; > 0 and initial value f; € 1L2(u). Then, with © = 4, — Gy and
Z =10 — 0y and for any t € (0,T], one has

pan? (t) + (2 — /\)/0 dsp|Vi(s)|* <
(4.7)
< Pt {u(ﬁ —fo)? +)\a/0 w(Z2(s)) ds+/\/0 1 (IVE(s)?) dS}

v ([ asice, - Pm)w(s)]?)% ([ asuvamnn)

with a constant

(4.8) a= (T, +24+B+4B).
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2) Assume now that u; are two weak solutions on [0, +oo[ of (MCP) with initial
values f;, i =0,1. Then with W = 4y — @y, one has

t
(4.9) 1 (1I)2(t)) +2(1 - /\)/ dsp|Viw(s)|* < e?rat ((f1 — f0)2)
0
with the constant a as specified before.

To get a priori estimates for weak solutions, we will use the following time
regularization procedure. For any Banach space X, and any v € L2([0, T}, X), the
Steklov average

1 t+h
(4.10) an(v)(t) = g/t o(r)dr, 0<t<T—h,

0, T—h<t<T

converges to v in L?([0,7], X ) when h — 0. Moreover, provided v € C([0,T], X)
an(v) € CH[0,T — h), X), Lan(v)(t) = +(v(t+ h) —v(t)) in X, and an(v)(t
converges to v(t) in X still as h — 0. The space X will be L?(u), D or D
depending on the context.

Proof of Lemma 4.3.

1) The case of strong solutions: One may assume that e1 > 9. We note first that

~

<

(111) 5 (@) = p(0m) = IV + Na(D (P, (V(32)) — Py (V(E0))})

Using definition of P., on D’ by duality, one has
(@ { P, (V(01)) = Pry (V(90)) })

= (@ P V(o0) = V(@) + 5 (@ (P, = Poy) V(7))
= p(Peyw {V(01) = V(00)}) + p ((Pe, — Pey)) wV(0)) -
We deal with the first term as in the proof of Lemma 4.2, with linear interpolation
Ua = aty + (1 — a)tp, 0 < a < 1. So we may transpose here inequality (4.4).
Write @ = P, w, recall that G = F + J and use additionally |zy| < (2% + ¢?)
and (GREI) to get

| (Pey {V(31) = V(@0)} )|
< (1Tl + 2B)p(|@2))

+/ o ([ 50 422 1P (0%(0) d + 2B (ot0) 2 0))

<

| =

(171 + 24+ B+ 4B) (u () + () + %/azp (o*(@)) du

+ %/ZQF (0%(2)) dp.
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Hence, using (FS), the fact that p (@?) < p(w?) and p (|[Vo]?) < p(|Vo|?)
and returning to (4.11), we arrive at a differential inequality which (after inte-
gration with respect to time and taking into the account the time zero condition
w(0) = f1 — fo) leads to

p (@0) +2 =) [ 0 (90()P) ds
<ulfi=fof +ha [ n (@) s+ [ (9E)P) ds

20 [ (P = P @) V(o)) ds+3a [ () ds

with a constant a defined in (4.8) for every ¢ € [0,7]. Inserting trivial bound
p(w2(s)) < p (@2(s)) + (2 = A) [ 1 (|V@(r)|?) dr and then using Gronwall type
arguments, we get for any ¢ € [0, 7],

p (02 =) [ dsiva(s)P
et 1 — fo)? a t 72(s)) ds t z(s)?) ds
<o Lt = o 30 [ (@) s [ w(93t07) ds )
Aat _ w(s . Vols
e {QA/O dsp (o, — Puy) (i5(s) - V(50 >>1}

Finally we use Cauchy—Schwarz inequality to get (4.7).

2) The case of weak solutions: in this case, we perform the computations with the
Steklov average ap,(w)(t) of w for any h > 0. Recall that w € C([0,7],L?(u)) N
L2([0,T], D) for any T > 0. Hence, aj,(w)(t) is differentiable with respect to ¢ in
IL2(u). Moreover, as h goes to 0, ap(w)(t) — w(t) in L?(pu) for any ¢, and ap ()
converges to w in L2([0, 7], D). Using the definition of a weak solution (with the
constant test function ap(w)(s) € D on the interval [s, s + h]), we get

34 (@@ O) = ulan(@O)* + [ dsp an(@)(6)5 (als + 1) - o)
= i (an(@)(0))*
tds s+h
+ T dr [—=& (an(w)(s), w(7)) +A(V(t1) — V(10))(7), an(w)(s))p,p]
= i an()(0))*
n /0 ds [—5[ah(w)(s),ah(w)(s)} n /\<ah V() — V(i0)] (s), ah(w)(s)>D,7D}.

We can pass to the limit with h — 0, which yields

gl = 5ulfi = o = [ dseli(s) w)]+ A [ dsulaot) V) = V).
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And the remaining is similar to proof of point 1) with the nuance that @; = v;.
After linear interpolation and an appropriate use of Gronwall lemma, one gets (4.9).
O

Using that, we show the following uniform boundedness property:

Proposition 4.4 (Uniform bound in C([0, T],L?) N Hy 1 (£)). Suppose u € FS(1).
Fiz A €1[0,1),e >0 and f € L?(u). Let uy, be the recursive solution of the mollified
problem (Ac). Then for any T € (0,00) such that

A

where D = 2A+B + || 7|0, we have, for any n € N,

t ADT
(4.12) sup (uui(t) +(2- /\)/ u|Vun|2(s)ds> < w(f2).
0<t<T 0 1—nr
Hence we have in particular
2 2 (T +2)ePT
llunlle o,y + [unlli, . < B (f)s

with the right hand sides independent of € > 0.

Proof. One may adapt the proof of Lemma 4.3 to the present situation to get, for
any t > 0 and with D = 2A4-B + ||J||cc,

(W2 (6) + 2 /\)/0 1 (IVun(s)[?) ds

<t {mf?) AT+ 2) [ (0 1(6)) s+ A 1 (Vs (9)P) ds},

for any t € RT. Setting

(4.13) Z,(t)=n (ui(t)) +(2- /\)/0 1 (|Vun(s)|2) ds

we can see that the following inductive inequality is true

t
Za(t) < p(f2)erP! + %emtzn—l(t) +A (1T Ml +24) eADt/ Zn-1(s)ds.
- 0

Using this for all ¢ € [0, T], with Z, = Z,(T') = sup,¢jo ) Zn(t), We obtain
(4.14) Zn < p(fHeMT 4 r Z, 1
with

A
nr = {ﬁ + AT Mo + 2A)T} T
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Assuming that 0 < A < 1, np € (0,1) for all T € (0,00) small enough. In this
case (4.14) can be iterated to obtain the following bound uniform in n € N as well
ase >0

ADT ,
4.1 I <
(@.15) n S )
as Zo = Zo(ug) < pu(f?). The proof is complete. O

Proposition 4.5 (Convergence scheme in C([0,T],1L?) NHr 1 (£)). Suppose that
w € FS and let A € [0,1). For T € (0,00), let

(4.16) ne(T) = [/\aT + %] ot

where a = (||T||,,+24 + B + AB). Let Ty € (0,00) be small enough so that
n.(To) < 1. Then, for any 0 <T < Ty, the function w, = Uni1 — Uy, satisfies the
following bound:

S (u (wa () + (2 =) /0 1 (|Vwn(s)] )ds) < O (T)" uf?,

with a constant C' € (0,00) independent of € >0 and T < Ty. As a consequence,

[uns1 = unllEqo,m ey + et = unlli, , < C (T +2) u(f?) (0 (T))"
uniformly in € > 0.

Proof. Take €9 = ¢ = €, U1 = Up41, Ug = Uy, U1 = U, and Vg = u,—1 and mainly
fo=f1=/f. Set w, = upy1 — uy,. Applying Lemma 4.3 gives

p(h0) + @A) [ u(Vualo)P) ds
0
erat a w?_(s)) ds Wn—1(8)?) ds | .
< (3 [ @) s [ (9w,aR) i)

Replacing u,, by wy, in the definition of Z,(t) (given in (4.13)), one then carry on
the same outline as in the proof of the Uniform bound Proposition 4.4. This leads
to the following inductive bound:

(4.17) sup Z,(t) <n(T) sup Z,-1(t),

te(0,T] te[0,T]
with 7, (7T") defined in (4.16). If 0 < A < 1, then there exists Ty > 0 (independent
of € > 0 and of the initial condition f) such that 7, (Tp) € (0,1). In this situation,
using the uniform bound of Proposition 4.4, we arrive at

sup 2, (t) < Cp(f?) (n.(T))"
t€[0,7)
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with a constant C = C(Tp) € (0,00) independent of € > 0. As a consequence we
conclude that there exists T' € (0, 00), independent of € > 0 and of the initial value
f € L?(p), such that the sequence (uy,(t))nen, t € [0,T], converges in Hyp 4 (£) N
C([0,7],L3(w)) uniformly in & > 0. O

Proposition 4.6 (Uniqueness for Mollified Problem). Assume p € FS(1) and let
A€0,1), e >0 and f € L2(u). Then, for any T > 0, there exists at most one
weak solution on [0,T] of the mollified Cauchy problem

ou®) = Lu®) 4+ APV (ul®),
W@ g = f.

Proof. Assume there are two distinct weak solutions u(®) and v(*) on [0, T] with
the same initial value f. Let w = u(®) —v(®). Noting that w(0) = 0 and using the
a priori estimate (4.9) of Lemma 4.3, that we get also for ¢ > 0, one gets

n()?) +20 -2 [ w(19wis?) ds <o

This contradicts our assumption that two distinct weak solutions exist. O

(C.)

Theorem 4.7 (Solution of the Mollified Problem). Suppose p € FS, and let
A€ [0,1) and € > 0. For T € (0,00), define n.(T) as in (4.16) and choose
Ty € (0,00) such that n*(Tp) < 1. Then

1) The function u(®) = lim,, ugf), with the limit taken in the space Hr, + ()N

C([O, Tol, Lz(u)), is a unique weak solution on [0, Ty of the Mollified Cauchy
problem

oul®) = Lu®) 4+ APV (ul®),
(Co) {

u® g = f.

2) The later solution is indeed a unique global (i.e. on [0,00)) strong solution
of problem (C.).

3) Moreover, for any t > 0, one has the following estimate:

t
[ 2 [ a
@18 u(O0) +201-) [ sV < (),
with the right hand side independent on €.

Remark 4.8. As follows from Proposition 4.4 (uniform bound), |[u(®)||m, , is
uniformly bounded in £ > 0.

Proof of Theorem 4.7. By definition of u() and by completness of the space C([O,T],
L2(p)), we have u(®) € C([0,T],L?(1)). Fix a test function v € C*>([0,7],D) C
Hy 1 (€). First, for any t € (0,77,

(4.19) /Otds,u (’U(S)PEV(USf))(S)> — /tdsu (v(s)PEV(u(E))(s)> as n goes to 0o.

0
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Indeed, from Lemma 4.2, it follows that P.V : Hp — Hyp 4 is Lipschitz
continuous. In particular,

PV(u) = Hir,y — lim PV (ul?)
(with short hand notation for limit in space Hy 4 (£)). And so
PY(u®) =Hy_ — lim PV(ul?)

n—oo

when acting on Hy (&) with L?(p)-type pairing. Thus (4.19) follows.
Recall that by classical arguments L : Hy 4 (£) — Hy,—(€) acting by

T
(Latt)isg, sig, == [ 1(Fu(s) - Vo(s)) ds

is continuous so that

/t u (Vugf)(s) : VU(S)) ds — /Ot 1 (Vu(g)(s) : Vv(s)) ds.

0

Convergence of u'f) to u(®) in L2 ([0, T),L?()) leads to

t t
/ i (ugf)(s) 8311(5)) ds — / 1w (u(g)(s) 8311(5)) ds
0 0

whereas the convergence in C'([0,7],L2(y)) ensures that u(ugf) (t)v(t)) goes to
1 (u® @) v(t)) and w&(0) = f. This completes the proof that u®) is a weak
solution of (C.). Uniqueness of the solution was proved in Proposition 4.6.

The weak solution u(®) is in fact global. This follows from the fact that the
time T > 0 in the foregoing does not depend on initial condition f. A posteriori,
by Lemma 4.2, it follows that

t
uE () = Pof + A / dsP_ oV () (s)
0

and so u(®) is a strong solution, as the left hand side belongs to the domain of L
and is differentiable in I.?(x) with respect to time at any ¢ > 0.
The last estimate is again a suitably adapted version of Lemma 4.3. O

®-bounds. In this section, we investigate regularity for mollified solutions in
the Orlicz space L%4 (1) provided the initial value also belongs to this space. See
Section 3.1 for definition of ®,.

Theorem 4.9. Suppose 1 € FS and conditions (CO) to (C4) are satisfied. Let
q € (0,00) be fived. Suppose that f € L2 (u) and A € (0,(1+ ¢B)~2). Fize > 0.
Then the weak solution u'®)(t) of the mollified Cauchy problem

ou®) € € €

G — Lu@ () + AP [ul®) (1) G(0 (u)(1)))]

ul?(0) =1,
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satisfies the following bound:

/N@AM@@D)+QC@JXA‘“MVV¢AM@®DF§6“UM¢Aﬂ)

with some constants
C(g,A\) =(1+gB) " =A1+¢B)) >0 and a=2(1+¢B)(2A+B+|[|J|..)-

Proof of Theorem 4.9. Recall that u(®)(t) is differentiable in L2(yx) for any ¢t > 0
and is a strong solution of the considered Cauchy problem. We first justify our
computations in the case when we replace F' by a bounded function in the definition
of ®, and then get the claimed result by approximation.

The case of bounded F: Let us consider F: [0,00) — R a bounded function satis-
fying conditions (C1) (with constant B) and define ® q(x) = Tq(IEQ) = 22eeF @ ),

whereas, in the definition of u(®), G is still a perturbation of F. Then, u((bq (u(s)( )))
is finite for any t, is differentiable and we have

Dt (B 1)) = (@, @O (1) S 1),

Indeed, first, ® g(x) < < edlFlle g2 5o that & () (¢ )) is integrable w.r.t. pu. More-

over, recall from Remark 3.1 that, as F' is bounded, T’ u(x) and %;’ (x) are bounded.
One has

(120) Ay, = 2@ = @O) _ uOs) —u() /5 ) da
0

’ s—t s—t

with u5! = au'® (s)+(1—a)ul® (t). As s goes to t, on the one hand, %

converges in IL?(u) to %u(g) (t) and, on the other hand,

/ch’( >da<1>'<u<€><>>|§/01

=1

<T>;<uff> - &, )| da

w® (s) — u® (t)’

goes to 0 in L2 (). Here k = sup,, &Dg(:ﬂ) So that equation (4.20) proves that
lim A, ; = gu(g)(t) @ (u® (1))
st O ot q

in L' (p). Hence, one has

(4.21) di” (fb (u(t )))
= 1 (@ (1) {20 (1) + AP (1D (GO 1)) })
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This formula shows that this time derivative belongs to L!([0,7]). This follows
from u(®) € L2([0, T], D) and the following bounds. One has @y (u) € D and

E(@, () (1), u)(£)) < 1 (), ul) (1)
with x = sup, ®/(z), whereas
[ (@) P (uO OG> ®))) )] < 194 ) |2l PV @)z
< V@O @) @ )z
< OOl

thanks to Lemma 4.2. Integratlng (4.21) w1th respect to time between d > 0 and ¢
and letting § go to 0 —use |<I> (u(8)) — @4(f)| < (sup, |T’( ) [(u®(8))% — £,
and convergence in L% of u E)( ) to f— after simple rearrangements one arrives at
the following inequality:

i (B (1) < 1 (B4()) + / Cdsu (@4 (5) Lu)(s))
3 [ s (1B ) )] P10 0 )
A1 [ dsn (@O 6)]).

First, from the Dirichlet/Young bound (3.7),

,u(ffg(u(s)( )) Lul®) (s) >< kqu|V\/<I> @) (s |

Next, we note that by Young inequality and Jensen inequality for the semigroup,
we have

| Po(@ () (5)) - u(5)] < D5 (Pe(@(u) () + D (u(s))
< P (@ (ul)(s))) + g (ul)(s))

with 5; (y) = supgep 2y — ®,(z), the conjugate of ®,. Since ‘I)*(‘I)’( ) = J:&)f](x)—
&)q(:ﬂ), thanks to (3.6), we have <I>*(<I>’( ) < (1+ 2qB)<I> (x). Hence,

| P(&, () (5)) - uD(5)] < (14 2gB)Po®y (ul) () + @y (u ().

Using this, |F| = F 4+ 2F_ < F +2A with A defined in (2.5), then (GREI) twice
and at last invariance property for P. w.r.t. u, we have on the one hand,

i (P (@, () u(s)]) <2 (14 aB) (B (u(s))
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(
< (@, (s ))F(oQ( ¢q(u<s>(s))))) +2(24+ B) (1+qB) (@, (u)(5)))
(14 2B) M(Pg (B (ul () F (o2 (y/ P- (8, (u)(5))) )))

on the other hand. Since zF'(x) is convex by condition (C2), use Jensen inequality
for the measure P. and then invariance property to get

(P (@4(u9()) F (0 (v P (B4 (u)(5)) ) ))
< (B4 () F (o2 ( By (5)) ) ).
Hence
(@ () Lu () + AT e 1(|@ () (5)) P (5)])
(|8, (1) (5) P (5) | Pl (0w (5)))))
< kqu|V\/@7€)| +2)\(1 + ¢B) ( () (s ))F(Q( <T>q(u<s>(s)))>)
+ 201+ B) (2A+B + 1T ) 1(24(u(5))).
With the use of (FS) inequality, the last can be bounded by

( A) 1|V By ()[* + 28 2448 + T ]0) (g (5)),

where A = A(1+¢B). Combining all the above we arrive at the following inequality:

2.(0) = 1B, () +2 (£ - 3) | s 1|V By (5)

1 By(f) + 2% (244+B + | 7)) /O ds 1 By (u® (s))

IN

IA

~ - t
B, () + 25 QA+B + 7)) / 2.(s)ds,

provided A < %2 As here ke =2/ (1 +q B) we get the announced constraint on \.
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Now Gronwall type inequality leads to the following bound:

o) +2 (5 ) [ s w9y B £ AP ),
0

From bounded to unbounded F'. Assume F satisfies (C2). For any b > 1, let F,
be a non decreasing C? bounded truncated function of F' such that

1) Fy = F on [0,b] and F; is concave on [, c0),
2) F)<F',
3) Fp(x) satisfies (C2).

One may construct such a function in the following way. Noting that F'(z)
satisfies (C2) if and only if F’(z) = g(x)/x? for a non decreasing function g, we

define Fy(z) = [} g5(s)% where gy(z) = g(b) + [, ¢'(s) ¥(§ — 1)ds with ¢(z) =
1— [ ¢(s)ds and ¢ € C2°((0,1)) such that [, ¢(s)ds = 1.

The first part of the proof applied to F = F, and CT)ZW (z) = 22695 (@*) engures
that

~ - k ~ t — )
(w9 (1) +2 (3 - 1) / ds 1| T/ By 0 () (5))|
(4.22) < AQABHITID, B, (f) < 2AEATBHITIL, @ (f).

Recall that, for any v € L*(u), €7 (v,v) = 2u((v — Prv)v) is non decreasing
as 7} 0,7 >0, and

D= {v € L2(p) : limy 0 £ (v,v) < oo} ,

>0

E(v,v) = lim, ;o £ (v,v), wveD.

So that making use of monotone convergence theorem, Lebesgue dominated con-
vergence theorem and Fatou lemma leads to the result when b goes to oo in (4.22).
O

Removing the smoothing.

Theorem 4.10 (Convergence in Hr . NC([0, T],L?(11)) when ¢ — 0). Let F and G
satisfy conditions (C1) to (C4). Assume (u,E) € (FS) and (CO) is satisfied. For
a firzed X € [0,1), let u®)(t) denote the solution on [0,00) of the approzimated
Cauchy problem

u©) =f
with € > 0. Assume that initial value f € L (u).

Then, for any T € (0,+00), when ¢ — 0, the solutions u'®) converge in the
Banach space Hr (1) N C([0,T], L2(p)).
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Proof. For e > ¢’ > 0 define w = we o = u® —u() . A suitable use of Lemma 4.3
leads to

(4.23) uw2(t)+2(1—A)/0 ds |V (s)

<2\ e”at(/ot ds pu[(P. — P.r) w(s)F)l/Q(/ot ds MV2(U(6/)(S))>1/Q,

where @ is defined in (4.8). First we note that, since w(s) belongs to the domain
of L,

/Ot dsp [(P: — Po)w(s))> = /Ot dsp [(—L)iw(s) (P.— P.)’ (_L)_iw(s)}
< (/Ot dsu((—L)%w(S))2>1/2 . (/Ot dsp((P. — pg/)z(_L),iw(S)f)l/z.

Next we observe that (using the symmetry of L, spectral theory and /€ <1+ &)

Casu((-0us)?) " < ([ ds [ + v < ull,
(] )= ( )

0

But [lwly, , < 2C(T) (1f?)z with some constant C(T) € (0,00) independent
on g,&’. From (4.18), one can choose

O(T) = (T+ ﬁ)mem.

Once again by spectral theory, denoting by v, the spectral measure associated
to w(s) (and —L), we have

2

1 ((PE —P.)? (—L)—iw(s)) - /OO e~ (e _ 1)dym Ty, ) (dn)

0

which we bound by

sup (e m(e=(e==Dm 1)t ?7*1)/ N2 vy (s (dn) < (e — 6’)/ 12 Vy(s) (dn)
n 0 0

< (e — &) (u(s) +ul Vu(s)P).

To bound the supremum we notice that in the case when (¢ —&’)n < 1, we have
le=(e=eDn — 14 =L < (e — &)l /n < (e — &), while for (e — &)y > 1, we have
(e (e (== _ 1) . =1) < 5! < (e — £'). Hence we obtain the following
bound:

L 1/2

([ asul(P.= Py (=0 h(s)”) < 20T) (uf (e =)
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Combining the above estimates we arrive at the following bound:
t 2\ 1/2
(4.24) (/ dsp[(P- — Pyw(s)] ) < 20(T) (uf?)? (e ).
0

Hence, coming back to (4.23), we have proved that (u(9)).s is Cauchy in the space
Hr 4+ () N C([0,T],1L2(u)) as € goes to 0 provided we can bound

(/T s M(Vg(u(s’)(s))n 1/2

0

uniformly in ¢’. This is the aim of Lemma 4.11 below, or more precisely of its
Corollary 4.12. The proof is complete. O

Lemma 4.11. For F satisfying conditions (C1) to (C3) and F(+00) = +o0, let
Y, (x) = |zed?U=D) ¢ >0, and Yi(y) = sup,eg [|lzy| — Yo(z)]. Then, there exists
C, € (0,00) such that

(4.25) Ti(F?(2)) < Co(1+2), Vz>0.

Corollary 4.12. Let u'®) be as in Theorem 4.10, for an initial condition f €
L>¢(u) and a coupling constant A € [0,1). Let ¢ > 0 be small enough such that
A< (1+¢B)~2 and let T > 0 be fized. Then, for any e > 0 and any t € [0,T],

1/2

(/0 dsqu(u(g)(S))> 1/2 < Ay ((®g(f) + p(f?) +1)

with some constant Aq 1 € (1,00) which is independent of €.

Proof of Lemma 4.11. We start with a bound on Y7 (y) (which is finite for any y as
F(+00) = +00). Let y > 0 such that T7(y) > 0 (so that, in particular, y > edF(0)),
Note that zy — Tq(z) = z (y — 97 ®)) < 0 for any z > 0 such that F(z) > élog Y,
or equivalently = > F‘(%logy), where F~(u) = inf{a > 0: u < F(a)} for u €
[F'(0), +00) is the generalized inverse of F'. Hence,

* /1
(4.26) Tiy)= s [ay-T,@) <yF (< logy).
0<z<F~(1logy) q

We now turn to the bound (4.25). We only have to deal with the large values
of z. From (4.26), T;(F?(2)) < F?(2) F~(2log F(2)). On the one hand, F?(z) <

B?log? z < C(1+2)'/? from condition (C1). On the other hand, for any fixed g, let
A such that, for any a > A, %10g(2a+R) < a with R as defined by condition (C3)

and choose z large enough such that F((1+2)'/2) > A. Then, making use of (C3),
210 F( < Zlog (2F((14 2)'/2) + R) < F((1 + )1/
g loe(z) = Jlog (2F((1+2)75) + R) < F((1+2)77).

Which is equivalent to F‘(%logF(z)) < (1 + 2)Y/2. Hence, (4.25) holds with
Cy = C for large values of z. The proof is complete. )



332 P. FOUuGERES, C. ROBERTO AND B. ZEGARLINSKI

Proof of Corollary 4.12. We will use the ®-bounds of Theorem 4.9 available here
since f € L°°(u) € L®4(u). So choose g > 0 small enough so that A < (1+¢B)~2.
Recall that ®,(z) = T, (x?) where T,(z) = |z|e?"(#]) is a Young function.

As G = F 4+ J and by Young’s inequality we have

(4.27) p (VA((s)) = | () (5)? G202 (w9 (5))]
< 2| TN () ())%) + 200 (D ())?) + 25 (F2(0* (u(s)))).
Using the uniform bound (4.18) and with C, as in Lemma 4.11, one gets, for
s € 0,77,
w (VQ(U(E)(S))) < Kp pu(f?) + 2u®,(u'® (s)) 4+ 2C,u (02(u(6)(s)) + 1)
< 2u®y (u () + (4C, + Kru(f?))
with K7 = 2| 7]/%,e2*T. Hence, using the ®-bound, we arrive at
" 1/2 ¢ ) 1/2
( / dspv2(u®(5))) < ( / ds [26u®q () + (4C, + Krp(f?))] )
0 0
< Agr (p(®@y(0) + () + 1)

with some constant A, 7 € (1,00) which is independent of ¢. O

Global existence and uniqueness for (MCP). In this section, we complete
the proof of our main theorem.

Proof of Theorem 2.2. Recall that we reduced the problem to the case cp = 1.
First, we mimic arguments given in the proof of Proposition 4.6 to get uniqueness
for weak solutions on any interval [0, 7.

Let us turn to the proof of the existence on [0,7T]. Choose ¢ > 0 small enough
so that A < (1 + ¢B)~2. Then, provided the initial value f € L.°°(u1), we can use
Theorem 4.10 to exhibit a function u € Hr 4 (u) N C([0,T],L2(p)) such that

49 = a0 + 552 [4E) = U)oy — 0

)

when € goes to 0. Thus, by Lemma 4.2, one has
V() = V@), @ — 0.
Hence, for any v € Hy (1) and ¢ € [0, 7],

/0 s (PY(W®)(s).0(s))

D', D

= [ as (a6 Pats)) = [ s V@006 00600

as additionally P.v goes to v in Hy 4 (p). This together with other arguments
developed in the proof of Theorem 4.7 shows that u is a weak solution on [0, T] of
problem (MCP). Hence, we are done provided the initial value f € L>(u).
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Now, by a priori estimate (4.9) of Lemma 4.3, weak solutions of (MCIP) on [0, T']
are Lipschitz continuous w.r.t. initial value f € L?(u) (with values in Hp 4 () N
C([0,T),L%(w))). Hence, if f € L* (), (fu)n — f in L?(u) with (fn)nen C L (u)
and u,, are the corresponding solutions of (MCP) with initial value f,, then (u, ), is
Cauchy in Hr 4 (1) N C([0, T),L?(1z)). The limit u of (uy,), is then a weak solution

n [0,7] of (MCP) with u(0) = f by arguments developed in the beginning of
this proof. O

5. Properties of solutions of (MCP)

5.1. Positivity preserving

We will make use that, for any Dirichlet form &£ and any u € D, E(u™,u") <
E(u,u™) where ut = max(0,u). Indeed, this is equivalent to &(u~,u") < 0, with
u” = max(0, —u), which easily follows from &(|ul, |u]) < E(u,u).

Proposition 5.1 (Positivity). Assume that pn€FS(1) and that G satisfies (MCA4).
Then, for any A € [0,1), any solution u(t) of (MICP) with initial value f > 0
satisfies u(t) > 0 for any t > 0.

Proof. Let u(t) be a weak solution of (MCP) with initial value f > 0. We will prove
that, p-a.s., v (t) = 0. For that, we first consider the Steklov average ap(u)(t)
and its negative part a; (u)(t) = max(0, —an(u)(t)). Note that a, (u)(t) — u™(t)
in L2(p) and aj, (u) = u~ in L?([0,T], D), whereas, in W2((0,7),L?(n)),

_ 1
dsay, (u)(s) = —0san(u)(8)X{ay (u)(s)<0} = *E(U(S + ) = u(8))X{an (u)(s)<0}

where y denotes the indicator function. Hence, using the definition of a weak
solution (with the constant test function a, (u)(s) € D), we get

2

30 (@ @) = 5oy ()" + 5 [ dsdun (o w)()

I P _ 1
— 50 (@ @) [ sy (g @) (uts+1) — u(e))
= S (ay ()(0))?
t s+h
+/0 ds—/ dr [€ (aj, (u)(s),u(r)) = AV (u)(7), aj, (u)(s))p,D]
= 30 (6 @)’
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We can pass to the limit with A — 0 which yields (as p ((f7)?) = 0)
) t - t _ (u(s))?
_ /0 ds€ (u™ (s), u(s)) — A /0 dsp(u (5))“(5>G(||u<s>|l%))
_ /0 dsE((—u)T (s), (—u)(s))
i [asn(i-u o) Cowe( T ))

| = u(s)l[3
. —u)t(s))?
= - [[asetcn o+ [ (- ere(UEEE)
< 7/0 ds€(u™(s),u"(s)) +)\/0 ds“((u(s))zF(%» =0

provided A < 1 thanks to the F-Sobolev inequality. Note that we used G < F' and
monotonicity of F'. Hence,

u((wm (1)) <.

The proof is complete. g

5.2. Further properties
For simplicity we set 42(t) = o?(u(t)) = u?(t)/pu(u?(t)).

Theorem 5.2 (Exponential decay in IL?). Assume that u € FS(1) and G satisfies
(MC4). Suppose also that ;1 satisfies the following spectral gap inequality:

2
mu (g — pg)* < plVgl?,

with m € (0,00) independent of g € D. Choose A € (0,(1+ (b/m))™") where
b= (||T|loc + B+4B) with B > 0 as in the generalized relative entropy inequality,

and B and J as in condition (C4). Then, the solution u(t) of the problem (MCP)
with initial data f € L%(p) satisfies for any t >0,

(5-1) p((u(®) = p(u()?) < e7Mu ((f = p(f))?)
with M = m — X(m +b) > 0.

Recall that, under condition (C1), F-Sobolev inequality does not necessarily
imply spectral gap inequality.

Proof. Set w(t) = u(t) — p(u(t)) and recall
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Since wp, (1) is differentiable and p(wp (t)) = 0 for any ¢, we have
1d
S (M (wn (1)) — MM (w1 (1))?)
1
= M pu(wn (t) - (u(t + h) — u(t)))
1 t+h
— 2t / dr{ — 1 (Vwn () Vu(r)) + A / wh(t)u(T)G(ff(T))du}.
t

Integrating from 0 to ¢, and passing to the limit with A~ — 0, we arrive at

2Mt

(652) () = Ju(f - pf)

+/0 dse*™s {—p|Vu(s)|? + Ap [w(s)u(s)G(a%(s))] + Mpu(w?(s))} .

Now, as GG vanishes at one, we have

u(s)G(E() = [ doie [ ()G, (5)]

With wy(s) = au(s) + (1 — a)u(u(s)) and 62,(5) = (ue(3)?/u(ta(5)”. Bvr
luating this derivative as in (4.3), one gets

)
+ (171 +2B) (w?(s)) }
< (W () (% (5))) + bp(w?(s),

with b = || 7 ||se +4B+ B, by arguments we already detailed. Coming back to (5.2)
and applying F-Sobolev inequality, we obtain (as the Dirichlet form is conservative)

plw(t))? = e *Mu(f — pf)?
t
+ 2/ dse M=) L (1 — Np|Vu(s)> + (b + M) p(w?(s)) }
0
If m € (0, 00) is the best constant in the following Poincaré inequality

m - u(g — pg)? < plVgl?,

for any ¢ in the domain of the form, then we get

pw()? < e p(f — puf)? -2 / dse™M =) {[m(1 = ) = M — Ab))] pw*(s)}
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Thus, if A € [0, {1+ (b/m)}~1), then M =m(1 — \) — Ab > 0 and we obtain

p(w(t))® < e Mu(f —puf)?. .

Proposition 5.3. Under the assumptions of the previous theorem, for any initial
value f € 1L2(n), u(u(t)) converges exponentially fast to a quantity we denote by
Seo(f) € R: there exists a constant K’ € (0,00) such that, for anyt > 0,

u(u(t)) = Soc(H) < K'e M| f = u(f)]],-

Consequently, there exists a constant K" € (0,00) such that

[u(t) = Soe (F)lly < K" f = u(£)l-

Note that trivially So(f) coincides with the nonlinear parabolic transfer opera-

tor given by the L?(u) limit lim7_, 0 % fOT u(s)ds, whose existence in some abstract
(continuous w.r.t. initial value) nonlinear Markov contraction semigroups setting
would be worth studying.

Proof. We first prove the convergence of p(u(t)). As in the previous proof, let

() = au(t) + (1 — a)u(u(t)), w(t) = u(t) — u(u(t)) and up(t) = & 7" u(r)dr.
We have

t+h
Opp(un(t)) = %u (u(t+ h) —u(t) = )\% /t dsp (u(s)G (a(s)?))

_ % /t s ()\ /0 1 % (i (5)G (82,(5))) da) .
with

(e (61 (32,(51))) = [ wlo)G (2, 0) -+ 2 [ w(s)i (96 (i2,(5) d

It follows from condition (C4) that B = sup |2G/(z)| < oo and that |G(z)| <
C + z2 with some constant C' € (0, 00). Hence, using Holder’s inequality, we get

N

‘/ % (e (5)G (@2,(5))) du’ < (C+1+4B) (uw?(s))

Combining our considerations, we obtain

[N

_ 1 [tth
|0 p(un(t))| < MC + 1+ 4B)E / ds (pw(s)?)? .
t
Now using the bound of Theorem 5.2 gives (uniformly in i > 0)

Oep(un ()] < MC + 1+ 4B)e M (u(f — pf)?)%.
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Thus, if T' > ¢, one gets

() = p(an (O)] < NC+ 1+ 4B)F =)l [ e e

so that, after passing to the limit h — 0,

— Mt

——NC +1+4B)f = u(f),-

[1(w(T)) = p(u(®)] <

Hence, (u(u(t)));sq is Cauchy as t goes to co. Letting 7" go to infinity proves the
first part of the proposition with K’ = %(C + 14 4§)

The second part follows from the following inequality:

p((u(t) = Soo(£))?) < 20 ((ult) — p(u(t)))?) + 2lu(u(t) — Seo (),

the previous bound and Theorem 5.2. O

6. Uniform hypercontractivity

In [3] it is shown that in case of linear diffusion operators, the corresponding semi-
group is hypercontractive in some family of Orlicz spaces. Moreover, this fact is
equivalent to F-Sobolev inequality, generalizing Gross’ Theorem. In this section
we show that similar smoothing properties hold true in our setting. Note that
notation sometimes differs slightly with other sections.

Define for any r > 0, 7,.(z) := x2e"F (@) and assume that there exists a constant

k > 0 such that for all » > 0: 7//7,. > %’7’7{2.

In particular if we consider the function F' defined in Appendix II, thanks to
Lemma 37 of [3], we have for any r > 0,

3—2(2— a)/(alog(6))

(6.1) (r)"7{e) > -

Suppose A € [0, min(1,k/2)). Let ¢ : Rt — RT be a C! non-decreasing function
satisfying —k + [A2(1 + q(t)B) + ¢/(t)] < 0 and ¢(0) = 0. In particular, one may
choose ¢(t) = 55 (1 - e~ 2B with 0 < n < k — 2\, We set &, := Tat)s t > 0.
We have 22 = ®g(z) < A1), (x) and consequently ||f|]2 < e49(>)||f||s,. Note
that, under our hypothesis, ¢(¢) is bounded.

Theorem 6.1. Assume conditions (C0)—(C4). Assume that p € FS and that

A €10, min(1,k/2)]. Then, any solutions u(t) and v(t) of (MCP) with initial data
f €L%(n) and g € L?(p), respectively, satisfy, for all t >0,

62)  Jult)ly, < exp{A(B 24417 ) | s +q<s>B>} £
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and
[u(®) = v(®)lls, < Cuo@IIf =gl
where Cy,(t) is given by

Cuo(t) = exp {)\/ds [QB(HQ/ ||u[a](2)|||q; ) +B+2A+||JHOO)} (1+q(s)B)}
with ug(s) = au(s) + (1 — a)v(s).

Remark 6.2. The constant C, , can be slightly simplified with more effort if we
assume f, g > 0, using the first part of the theorem and the positivity preservation
of the solution.

Proof. The proof is standard and relies basically on Gross’ arguments [18]. We
give the main step of the proof, some computations and details are left to the
reader. Let u(t) and v(t) be a solution of the Cauchy problem with smooth initial
data f and g, respectively. The desired hypercontractivity once proven for the
case of bounded smooth initial data, can later be extended to the general case.
Let w(t) = u(t) —v(t). Let ¢ : Rt — R™ be a general non-decreasing function with
q(0) = 0 and consider first Nj(t) = ||wh(t)||7q(t), where wy,(t) = + tt+h dsw(s).
For simplicity, we set T'(z, q) = 74(x). Then by definition of the Luxemburg norm,
we have

/T(Ut(wh(t)),q(t)) du=1, ¥t>0,

where o (wp(t)) = %’hgg If Ny (t) < 0, there is nothing to prove. In case when

Nj(t) > 0, using convexity of T', by differentiation of the latter, passing to the
limit h — 0, we arrive at the following inequality with N = N(t) = Ng, (w(t)):

/ w 2
«m>%§gf/BJﬂ%mw@mwxw»@

For v € [0, 1], set uyy) = u(t) = au(t) + (1 — a)v(t). Using this interpolation we
can estimate the second term as follows:

©04) [ 5 [OGER @) — oG (@ (0)] ATdu

IA

!/ mg/du{vwaamﬂan>+2A+uijnaxwu»u%T

2 [ )6 (B0) (w0) ~ Tl (0]1) 07

[l
< (D) + (1D),
where we wrote 01T for T (o+(w(t)), q(t)).
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Note that, by our assumption we have sup |G/ (z)| = B < co. Since
01T (x,q)| = 2|2|(1 + g2 F' (%)) @) < 2(1 + ¢B)|x|e?™ "),
after several computations, one obtains

(6.5) () < 4B +q(0B) (1+2 ol )

0 H“[a]( M2

The first term (I) on the right hand side of (6.4) can be bounded by using
201 T(z,q) = 2T (x,q) + 2q2*F'(2®)T(2,q) < 2(1 + ¢B)T(x,q), the generalized
relative entropy inequality and p € F'S, by

(6:6) () £ 214 4(0B) [ du|[ VT o). a)| +2(B+ |7]1)1+a(t)B)

Winding up (6.3)—(6.6), we get

2N’ |Vw(t)|?
- < = I S
N — N2

(6.7) T (or(w(t)), q(t)) dp

2

+A2(1 +q(t) /du’v\/T ar(w(t)),q(t))
L 2A@BCu () + B+ 2447 o) (1 + a(t)B)
() / T (o (w(t)), a(t)) du

where we wrote

B ),
G =142 T @l

Next, under our assumption on 7, and using (FS), we have

(6.8) / T (g, q(t))dps < / T(9.4(t) F(T(g, q(t)))dp < / VT (g, 4(0)[Pdp.

Thus

!

(6.9)

< (k4 [XN2(1+4q(t)B) + ¢ (1)]) / VT (o (w(t)), q(t)|*du
+2A(2BCu 0 (t) + B + 24+(| T o) (1 + ¢(1) B)
Choosing ¢(t) such that —k + ¢, [A2(1 + q(t)B) 4+ ¢'(t)] <
2N’

0, we get

< 2Xa(t)(1 + q(t)B)

with a(t) = (QECW,(t) + B+ 2A+||J||oo). And this for any ¢ such that N'(¢) > 0.
Thus by integration we arrive at the following bound:

Jat) = o(®lla, < exp {7 [ dsi(s) (1 + a0 B} = gl

which ends the proof of the metric type hypercontractivity. As for the hypercon-
tractivity for the norm (6.2), the proof is simpler and may be developed by similar
arguments from (6.3) by taking w = v and v = 0. O
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7. Functional inequalities for Gibbs measures

7.1. Gibbs measures on infinite product of manifolds and generalized
Sobolev space

In this section we introduce the general infinite space we will consider. Let M =
[Licr Mi be an infinite product of Riemannian manifolds (M;, g;), where R is a
countable set (an infinite graph). Given z € M; and x = (2;);er € M we define
zo;x = {(z0;x), = dipz + (1 — dix)xi : k € R}. We say that a function f on
M is cylindrically smooth if f is localized on some finite subset A C R (that is f
depends only on the coordinates in A) and is smooth when considered as a function
on My = [[;cpx Mi. We denote by C the space of compactly supported cylindrically
smooth functions. For f € C, we consider the following quadratic operator, called
the square field operator,
V=) 1V
i€eR

where for each site i € R, |V;f|, (x) = |Vifi(-|x)| (z;) is the length of the usual
gradient V; for the metric g; at x; of the function M; 5 z — f;(:|x)(z) = f({ze:x}).

Let u be a probability measure on M. For f € C, u(|Vf|?) makes sense.
Actually, provided g is a Gibbs measure, this can be defined on a wider class of
functions on M generalizing the Sobolev space W12,

Briefly speaking, a Gibbs measure is defined as follows. A specification is a fam-
ily ,ui (dzp), A finite subset of R and £ € M, of absolutely continuous probability
kernels on My = [],c, M;, that we extend to kernels Ef\ on M by taking prod-
uct with ®;¢xd¢,. These kernels are supposed to satisfy compatibility conditions
(see [19] and references therein) making them possible candidates for being versions
of laws (w.r.t. a probability measure ;1 on M) conditionally to 7\ (§) = (& )icr\A-
Measures p on M for which this holds are called Gibbs measures and can be multi-
ple in general. They are characterized by the Dobrushin-Landford-Ruelle (DLR)
conditions y = pE) (when acting on bounded measurable functions).

Let p be a fixed Gibbs measure. The generalized Sobolev space W12(u) can
be defined as the space of functions f € IL?(u) such that, for any i € R and any
£ eM pae., |V, fi(-|¢)] in the sense of distributions in M; belongs to .2(M;, u?i})
and one has

W91 = [ uy (I CIP) ids) < oo

i€ER
The notation u(|V f|?) is not completely formal as this coincides with the similar
quantity for cylindrically smooth compactly supported functions.
(o]
If we denote by W 12(u) the closure of C for the following norm (u(f?) +

p(IVFIPNY2, then (u(|Vf|2), W 12(u)) is a local Dirichlet form. For Gibbs mea-
sures with subgaussian tails, we will consider later a Dirichlet form (&, D) which

coincides with the form (u(|V f|?), W 2(u)) on C and which satisfies an F-Sobolev
inequality.
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7.2. F-Sobolev and Orlicz—Sobolev inequalities

In this section we describe briefly the functional inequalities like F-Sobolev in-
equality (introduced in Section 2) and Orlicz—Sobolev inequality (we introduce
below) for a class of non-product Gibbs measures in infinite dimensions; for more
details we refer to [3] and [29].

We first introduce the Orlicz—Sobolev inequality. We say that (u, &) satisfies
an Orlicz—Sobolev inequality if, for any f € D,

Wf*Mﬁfh§c§/Wﬂ%u

for some constant cg > 0 and some N-function ®.

Since ® is a N-function, Orlicz—Sobolev always implies Poincaré inequality.
Moreover, under some specific and technical assumptions on F' and & and com-
bining various results based on the capacity-measure approach introduced in* [4]
(namely Theorems 18, 20 and 22, and Lemma 19 of [3]; Theorem 1 of [29]), it is
possible to prove that F-Sobolev inequalities and Orlicz—Sobolev inequalities are
equivalent (up to constant) when F(z) = x/®~!(z).

In order to prove that such inequalities hold for Gibbs measures, we will have to
make use of a third family of inequalities we may call generalized Beckner inequal-
ity. It is given in (7.1). Again, under specific assumptions such inequalities are
equivalent to F-Sobolev inequality and Orlicz—Sobolev inequality. Furthermore,
by construction, they imply Poincaré inequality.

Next theorem explains how the generalized Beckner inequality implies F-Sobo-
lev and Orlicz—Sobolev inequalities.

Theorem 7.1. Let T : [0,1] — RT be non-decreasing and such that z + T (z)/x is
non-increasing. Denote by Cp the optimal constant such that the Dirichlet struc-
ture (u, &) satisfies for every f € D

J PPy — ([ 1fIPdu)?
1) einy  T(2-p)

<Cr [ |9fPdn

(i) Let ® be a N-function and fix a constant k € (0,+00) such that for any func-
tion f with f2 € La(u), [|u(f)?*||e < E[|lf?||le (see (9.3) in Appendiz 1). Assume
that there exists ¢ > 0 such that

<O Yz), Vo>2

clmT(m) <

4The notion of (electrostatic) capacity goes back to Maz’ja [26]. In [4] the authors introduce a
slightly different notion of capacity of a set with respect to a probability measure (in probability
spaces the usual electrostatic capacity is always 0). This turns out to be appropriate in the study
of functional inequalities in probability spaces. See Section 5.2 of [3] for a short introduction of
this notion.

5Beckner [5] introduced such inequalities for T'(z) = x which corresponds to Gaussian mea-
sures. Later Latala and Oleszkiewicz [23] studied the case T'(z) = 2, 8 € [0,1] (see also [4]).
The general case was studied in [3] and [33]
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Then, every f € D satisfies

1 = ()2, < M / V.

(ii) Let F': [0,+00) — [0, +00) be a non-decreasing function. Assume that F(x) =0
if © < 0 for some 0 > 2 and that there exists a constant ¢ such that F(0y/2) <

c/T(1/1log(1+y)) for any y > 6.
Then, for every f € D one has

/f2 f2 u<3ccT(f 7 /|Vf| dv.

Proof. The proof of (i) can be found in Corollary 8 of [29]. The proof of (ii) follows
from a combination of Theorem 9, Lemma 8 and Theorem 20 of [3]. Note in both
references the results are given in R™. The generalization to our setting is straight
forward. O

In the rest of this section we consider the following infinite dimensional models
— @zt —
on a space 2 =R” ={w = (w; € R);cza}.
Let U; = U;(w;), © € Z, be smooth convex functions such that

0 < inf /e_ui(x)dm < sup /e‘ui(m)dm < 00.
i€Zd icZd

Let T = {Ix}, X € Z%, |X| > 1, be a collection of smooth bounded cylinder
functions, (dependent only on wx = (w; : i € X), respectively), and such that

(7.2) |I||u,2—sug( ) {Ilelu+Z{Ivﬂxluﬂlvﬁi@xlu”) <00
€28 N xezd jezd
X3t

where [|-||, denotes the uniform norm and X € Z? means that X is a finite subset
of Z. For A € 74, setting

Up = Zui(wi) + Z Ix(wX)

1EA XNA#D
we define N _ _
EX(f) = J e Ur@0a) (G o w)diy
A = [ e~ Un@onw) digy
where

~ w; if 1€eAN
(WOA%-_{WZ zjﬁ i€ A°

A measure p is called a Gibbs measure on € for local specification {Ep }aeza if
and only if for any integrable function f one has

w(Eyf) = p(f) forall A € Z%
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For any A C Z¢ and i € A we have
EA(fLig) = —EAVif . Vig

for any functions f and g for which both sides make sense. Consider operators L;
such that
Lif = e%idivi (7" Vif) = Aif = ViU - Vif
where div; and V; are with respect to w; and U; = U{i}.
We introduce the following Markov generator:
(7.3) L=> L,
iezd

which is well defined on a domain including all smooth cylinder functions. Conse-
quently we have

—u(fLg) =Y p(Vif - Vig)

i€Z4
and if P,.f = e'l' f = f, is the corresponding Markov semigroup, we also have
u(fPrg) = p(gPrf).

For a construction of the semigroup (P,);>¢ in the space of bounded continuous
functions we refer to [19], (see also [36], [35], [22], [10], and references therein).
We note that in the present setup one has

1
V2|3 = (Lz —2zLz) Z |V, 2|2

and the generator L has the following diffusion property (or chain rule): for any
(localized) smooth vector functions f = (fi,..., f,) on Q (v € N) and any smooth
function ¥ on R”,

U(fr,..o fo) = Zaqu Lfe+ Y O U(f)LV fi- Vfi.
k=1
In the above described setup we have the following results.

Theorem 7.2 ([29], [19]). Fiz « € (1,2). Assume that Zx =0 for all X and that
for all i € N, U;(x) = U, (z) where Uy, is the following C? function:

U (z) = || for x| >1
al\l) = a(a 2)1‘ + a(4 ) 2+( %Oé+%0[2) fO’f' |J)| < 1.

Define the corresponding Gibbs measure po (product in this case). Then, there
exists a constant C,, such that, for any function f in the domain of the Dirichlet
form,

2du,, — dpa)?
sup J fPdpe — ([ |fIPdpc)

< Ca/|Vf|2dua.
pe(1,2) (2 - p)20-)



344 P. FOUuGERES, C. ROBERTO AND B. ZEGARLINSKI

Moreover if {Zx} is such that ||Z||u2 is sufficiently small (and if for all i € N,
Ui (x) = Uy () as above), then the same results (with appropriate constants) remain
true for the corresponding Gibbs measures (non product in this case).

Note that the special choice of U, near the origin is not important. Any other
smooth version of |z|* would do the job.

We are now in position to give examples of Gibbs measures satisfying a F-So-
bolev inequality and an Orlicz—Sobolev inequality.

Theorem 7.3 ([29]). Fiza € (1,2) and set B = 2(1—L). Consider the function F,
defined in Appendiz 11 and ®5(z) = |z|log(1 + |2|)?. Under the assumption and
notations of Theorem 7.2, there exists a constant D, such that any function f in
the domain of the Dirichlet form satisfies

I/ = alF)?ly, < Da/IVf|2d,ua

/f2 o f2 )dua SDa/|Vf|2dua.

Moreover if {Zx} is such that ||Z||u2 is sufficiently small (and if for all i € N,
U;(x) = Uy () as in Theorem 7.2), then the same results (with appropriate cons-
tants) remain true for the corresponding Gibbs measures.

and

Proof. Set T'(x) = |z|®. Tt is not difficult (see [29]) to show that for any z > 2,

T(@) < O ! (x).

On the other hand, thanks to Remark 9.3, |[ua(f)*||e; < e[|f?||e,. Consider a
smoothed cylinder function f. We can apply Theorems 7.1 and 7.2 to get the result
for the Orlicz—Sobolev inequality. A density argument ends the proof.

Recall the definition of 6 defined in Appendix II. It is easy to prove that

C

Foy/) < s
(

for y > 6. Hence we can apply Theorem 7.1 for smooth cylinder functions. The
result follows by density. O

8. Local problems and Orlicz—Sobolev inequality

In this section, we mention some results on local semilinear problems (i.e. problems
with non linearities V(u(t, z)) whose value at point € M only depends on u(t, z),
contrary to (MCP) for subGaussian measures in infinite dimensions. The analysis is
based on smoothing properties which follow from Orlicz—Sobolev inequality. Proofs
are easily obtained from the abstract setting presented in [16] (and references
therein) and are omitted.
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Proposition 8.1 (Smoothing via Orlicz—Sobolev). Let T be a Young function.

Assume that the associated Dirichlet structure (u, &) satisfies the Orlicz—Sobolev
inequality: for any f smooth enough,

(f = 1(F)?]| < CT/|Vf|2d,u,

for some constant Cy independent on f. Set ®(x) := Y (2?). Then, for anyt >0,
the u-symmetric Markov semigroup P, associated to (pu,E) maps L2(pn) to L2 (1)
and, for any T € (0,00), any t € (0,T),

C
IP.fllp < 7Tt|\f||2

with c
c2 = 7“‘ + 271
Proof. Adapt the proof of Theorem 4.3 in [16]. O

In the previous section we obtained Orlicz—Sobolev inequality for a class of
Gibbs measures for Yg(z) = |x|log(1 + |#|)#. This allows to get some continuous
control of the norm for some associated local nonlinearity as explained in the
following proposition.

Proposition 8.2. Let Y5 = |z|log(1 + |z])?, B € (0,1) and ®5 = Yz(z?). Set
Vs = /®p. Then, for any f € Lo, (1), any B € (0,1),

Va(Hlly < Ws(llflls,)
for Wi(z) =2+ Vi(x) = 2 + zlog(1 + 22)% .

The last two propositions as well as Theorem 7.3 are the ingredients to prove
the following theorem. We refer to [16] for the definition of integral solutions.

Theorem 8.3. Let Tp = |z|log(1l + |z|)?, 8 € (0,1) and &5 = Yps(z?). Set
Vg = /®p. Let p1o be the Gibbs measure defined in Theorem 7.2 on RZ" and L be

the Markov generator (7.3). Then, for any B € (0,1), for any f € La,(1a), the
Cauchy problem

(8.1) { 0w = Lu+ V(u)

with V(u) = Vzou acting by composition with Vg, admits a unique integral solution
u(t) on [0,00). Consequently, there exists a nonlinear C° semigroup (St)i>0 on
La, , (1a) such that for any f € La, , (), u(t) = S/
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9. Appendix I: Young functions and Orlicz spaces

In this section we collect some results on Orlicz spaces. We refer the reader to [28]
for demonstrations and complements.

Definition 9.1 (Young function). A function ® : R — [0, 00] is a Young function
if it is convex, even, such that ®(0) = 0, and limy,_, 1o ®(x) = +o0.

The Legendre transform ®* of ® defined by

D" (y) = sup {zly| — @(z)}

is a lower semicontinuous Young function. It is called the complementary function
or conjugate of .

Among the Young functions, we will consider those continuous with finite values
such that ®(z)/r — oo as © — oo (for stability reasons w.r.t. duality). When
additionally ®(z) = 0 < = = 0 and ®'(04+) = 0, ® is called a N-function (using
the notation of [28]).

For any lower semicontinuous Young function @ (in particular if ® has finite
values), the conjugate of ®* is ®. The pair (P, V) is said to be a complementary
pair if ¥ = &* (or equivalently ® = U*). When ®(1) + ®*(1) = 1, the pair (&, &*)
is said to be normalized. The conjugate of an N-function is an N-function.

We say that a Young function ® satisfies the Ay condition, if for some B and
all z > 0, ®(2z) < BO(z).

The simplest example of N-function is ®(z) = -

jaf
p
&*(2) = 2 with 1/p + 1/¢ = 1. The function ®(x) = |2|* In(1 + [z])? is also a

Young function for « > 1 and 5 > 0 and an N-function when o > 1 or > 0.

, p > 1, in which case,

Now let (X, i) be a measurable space, and ® a Young function. The space

Lo(p) = {f : X — R measurable; Ja > O,/

. O(af) < +oo}

is called the Orlicz space associated to ®. When ®(z) = |z|P, then Lg(p) is the
standard Lebesgue space Ly (p).
We introduce the following Luxembourg norm, which gives to Lq¢ (@) a structure

of Banach space,
1l =inf {3 > 0;/X<I>(§)du <1},

Note that we changed the notation with respect to [28].

Comparison of norms

In what follows, we will often have to compare Orlicz norms associated to different
Young functions. Let us notice that any Young function ® satisfies |z| = O (®(z))
as x goes to co. It leads to the following lemma:
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Lemma 9.2. Any Orlicz space may be continuously embedded in ILy. More pre-
cisely, let M and 7 in (0,00) such that |x| < 7®(x) for any |x| > M. Then, for
any f € Lo,

(9.1) £l < (M +7) | fllg-

Consequently, if ® and ¥ are two Young functions satisfying, for some constants
A,B >0, ®(x) < Alz| + BY(x), then

(9-2) Ifllg < max (L, Ald|ly, 1, + B) [ flly-

Remark 9.3. When ®(z)/x — 0o as © — 0o, we may choose 7 = 1 or any other
positive constant. We get in particular the estimate

(9:3) 160 < M+ 1) [Tl [/

where M is such that |z| < ®(x) for any |z| > M. For any constant C, ||C||4 =
C||1||4 trivially.

Proof of Lemma 9.2. Let f € Lg(p). By homogeneity, we may assume that
|fllg =1. Then [®(f)du <1 and so

/|f| du:/ i du+/ £ dy
{IfI<M} {|fI>M}

< Mp(|f| < M) +7 /{ oy YD M

To get bound (9.2), assume now that | f|l, = 1 and hence [W(f)du <1 as well.
For any A\ > 1,

A A B
Jo /N < U1 +B [0/ < e, 10+ [ W0 <1

provided A > A|[Id||,  _,;, + B. Note that for the second inequality we used con-
vexity of W. O

10. Appendix II: Example

We introduce here a prototype of function F which satisfies conditions (C1)
to (C3) of Section 2. Fix 6 > 2, o € (1,2] and consider a function F, : RT — R

(o0 it  xe€]l0,0],
xr = Fa(m) = { (log(m))ﬂ — (logﬁ)ﬁ if z>080.

where = 2(1— %) € (0,1). Note that F, is continuous, but not C2. To deal with
differentiability at z = 6 we introduce a C*° non-negative function g with compact
support in [—1,0] and such that [ g(y)dy = 1. For ¢ > 0, define g.(z) = 1g(%).

€ €
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Then F(z) = Fu * g-(z) = [ Fo(z — y)g-(y)dy is a C* function vanishing on
[0,0 — €]. Let us stress that the particular regularization of the function F' above
is not important. Many other regularizations would do the job.

After some rather standard computations left to the reader, one can check that
F satisfies Condition (C1), (C2) and (C3) with B = 1 and R = (log §)” provided
that 0 > 2(1-5),

Finally, we remark that for F,, and the measure du, = exp{—|z|*}dx/Z,, the
inequality (FS) is true [4]. Hence, after some computations left to the reader, we
conclude that corresponding coercive inequality is satisfied also with the function F'
(possibly with a different constant).
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