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Long-time asymptotics for a 1D nonlocal porous medium equation with
absorption or convection

Filomena Feo * Yanghong Huang Bruno Volzone *

December 18, 2018

Abstract

In this paper, the long-time asymptotic behaviours of one-dimensional porous medium equations
with a fractional pressure and absorption or convection are studied. In the parameter regimes when the
nonlocal diffusion is dominant, the entropy method is adapted to derive the exponential convergence
of relative entropy of solutions in similarity variables.

1 Introduction

A large variety of models for conserved quantities in continuum mechanics or physics are described by the
continuity equation u, + V - (uv) = 0, where the density distribution u(y, 7) evolves in time 7 following
a velocity field v(y, 7). According to Darcy’s law, the velocity v is usually derived from a potential p
in the form v = —DVp for some tensor D. In the porous media, the power-law relation p = %um_l
for m > 1 is commonly proposed, leading to one of the canonical nonlinear diffusion equations reviewed
in the monograph [40]. Although this kind of local constitutive relations were successful in numerous
practical models, there are situations where the potential (or pressure) p depends non-locally on the
density distribution w [2I]. The simplest prototypical example is p = (—A) *u with s < N/2, expressed
as the Riesz potential of u, i.e.,

p(yat) = (_A)_su(yat) = CN,S /RN ’y - Z‘2S_Nu(z7t) dZ, (1)

where the constant Oy, = 7~ V/2275T(N/2 — 5)/T(s) is written in terms of the Euler Gamma function
I'(z). The resulting evolution equation then becomes

ur — V- (uV(=A)"%u) =0, (2)

which can be defined for all s € (0, 1). Basic questions like existence, uniqueness and regularity of solutions
have been studied thoroughly in [9, [10], followed by generalizations to other related models in [3,[38]. While
in general it is difficult to obtain quantitative properties of solutions to non-local nonlinear equations,
Eq. possesses special features that enable one to study the long term behaviours in terms of its self-
similar solution. The self-similar profile, also called Barenblatt profile, was initially characterized by an
obstacle problem [9], and was then explicitly constructed in [3]. Using similarity variables motivated from
the scaling relations, the transformed equation has an entropy function so that the convergence towards
the self-similar profile in one dimension can be established by the well-known entropy method in [I1].
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In this paper, we consider two variants of the porous medium equation with nonlocal pressure.

If the medium is lossy, the continuous density is dissolved, leading to the porous medium equation with
absorption

ur — V- (uV(=A)"%u) = —u". (3)

On the other hand, if the density moves with a density dependent local velocity, the equation with
convection becomes

ur — V- (uV(=A)"%u) = —b - Vui, (4)

for some constant vector b € RV. In general, when dealing with solutions of both signs, the right-hand
side of or should be replaced by |u|"'u and —b - V(|u|7"'u) respectively. However, if the initial
data are non-negative as we assume below, the solutions are also non-negative on the time interval of
existence, by following the arguments of [10, [3].

For the classical heat equation or porous medium equation, such variants with absorption [24] 26, 22|
32] or convection [23], 28] 33] have been studied intensively in the past, where the long term asymptotic
behaviours depend on the interplay between the diffusion and absorption/convection, usually dictated by
appropriate scaling transforms. However, for Eq. or of our interests here, the presence of nonlinear
nonlocal diffusion makes refined techniques such the comparison principle no longer valid, presenting great
challenges in the investigation of quantitative properties of the resulting solutions.

In this paper, we will focus on the long time behaviours of solutions to and mainly in the
regime when the nonlocal nonlinear diffusion is dominant (r > 4 — 2s and ¢ > 3 — 2s respectively),
such that the absorption or convection essentially becomes perturbations added to Eq. . We remark
that the absence of a comparison principle for the fractional potential pressure equation (see e.g.
[10] and the forthcoming paper [18]) forces in discarding the classical approach used in the proof of the
convergence to the equilibrium in the local case, mainly based on scaling-compactness arguments and a
suitable employment of the comparison principle itself (see e.g [26], [23], [27]). Thus the main technique
is to extend the entropy method that was essential in establishing the precise convergence rate of Eq.
n [II]. The entropy method, originally developed in the study of long term behaviour of solutions to the
Fokker-Planck equation [2,39], has been developed into a powerful framework to study the convergence of
solutions towards their equilibrium. The key step is to relate the entropy dissipation rate with the relative
entropy with different approaches, like convex Sobolev inequalities [I] or the second order derivative of the
entropy [12]. As a result, in order to prove the precise convergence rate of Eq. to the equilibrium, the
entropy method in [I1] will be adapted in our context. Although the basic setting as in [I1] is used here,
several key observations have been made to recover the near optimal convergence rate with the presence
of additional absorption or convection terms. When computing the evolution of the relative entropy along
the flow, the main difficulty arises in finding reasonable sharp upper bounds of these terms by means
of the relative entropy itself. Furthermore, a particular care is devoted in the approximation procedure
in the general (nonsmooth) case, requiring extra regularity information of the minimizers of the relative
entropies associated to the approximating problems.

To proceed, basic estimates for solutions of Eq. and will be reviewed first in Section 2, and the
main results about the convergence of solutions will be stated. In Section 3, the exponential convergence
of the relative entropy between the solutions to Eq. and their time-dependent Barenblatt profiles are
proved, followed by the proof of similar convergence rates for Eq. with convection in Section 4. We
conclude this paper in Section [5| with generalizations to related equations and other open problems.

2 Basic estimates and main results

Before discussing long-term asymptotic behaviours of Eq. or ([4)), we first review a few fundamental
questions about the existence and uniqueness of the solutions in appropriate spaces. To treat initial
data as wide as possible, the usual notion of weak solutions using test functions can be introduced,
as in [10, [7, 3, 36] for related equations, provided that the extra terms corresponding to absorption or



convection are well-defined. The proof of the existence such weak solutions is now standard, mainly
by taking the limit of regularized equations, by adding linear diffusion, removing the singularity in the
nonlocal operator and confining the solution on bounded domains (see [10, B6] for more details). Here
for simplicity, we only focus on the simplest yet the most important regularization technique with linear
diffusion, and define the weak solutions as the limit of solutions to the regularized problems

out
or

— V- (uV(=A)"%u) = —(u)" + eAu’ (5)

to Eq. or
ou®

or

to Eq. , without resorting to more complicated functional theoretic settings or approximation meth-
ods. The convergence of the regularized solutions u¢ to the weak solutions of Eq. or is only
assumed to be weak* for non-negative measures, so that the main results are still valid, independent
of the particular type of convergence for the limiting solution sequences in other (more regular) spaces.
However, the question about the uniqueness of these weak solutions remains open, except in some spe-
cial cases in one dimension [4], or in the context of more general types of equations for the integrated
version [16]. To focus on the asymptotic behaviours of our interests here, we shall deal with the weak
solutions obtained by taking limits from or @ Before showing basic estimates of the solutions, we
first need several inequalities related to the nonlocal operator, in standard LP (RN ) space with the norm

V(Y (=A) ") = —b - V(w6 + A, (6)

1£llp = (Jan |F1P) P These inequalities are valid for functions in larger spaces by density arguments.
Whenever possible, the dependence of the constants on other parameters is specified and could be differ-
ent from one line to another in the derivation of the estimates later. The first inequality is related to the
Riesz potential operator (—A)™* defined in , or equivalently as a multiplier ||~ in the Fourier space,

., F[(—A)"/2f](€) = e ().

Lemma 2.1 (Hardy-Littlewood-Sobolev inequality). Let 0 < s < N and 1 < p < q < oo with the relation
1/g=1/p—s/N. If f € LP(RYN), then (—A)~*/2f € LYRYN). Moreover, there is a constant C(N, s, p)
such that

I(=2)""fllg < C(N,5,p) | /], (7)

Associated with the Riesz operator is its inverse, the fractional Laplacian (—A)O‘/ 2 as a multiplier
€] in the Fourier space, i.e, F[(—=A)/2f](€) = [£|*F[f](€). The natural space related to the fractional
Laplacian is H*/2(RY), the set of all functions f such that

1/2
o = 12021 = ([ 1ee17IORaE) - < o

Although one can not manipulate identities about functions with nonlocal operators in the same ways
as for classical derivatives, there are still powerful inequalities like the following ones that are crucial in
the proof of basic estimates below.

Lemma 2.2 (Stroock-Varopoulos inequality). For p > 1,a € (0,2], and any non-negative function
w € C(RY), the following inequality holds true

a 4p / a pti|2 4p / ptl a ptl
wP(-A)2wdx > ——— ‘—A4w2 de = —— [ w2 (-A)2w 2 dz. 8
Joremytude > = [ s [ ea) Q
Lemma 2.3 (Fractional Gagliardo-Nirenberg inequality). 1) Let 0 < a < 2. If u is a non-negative
function such that w € L*(RN) and v™? € H*?(RN) for some m > 2, then u € LRYN) for any
le(m/2,m) and
lullf < Cnall(=2)* ™2 |3 |ul3, (9)



where Cn o 15 a constant depending only on N and o,

a4+ N(m—1))
~ N(-1)

al+ N(m —1)
N(l-1)

, b=a—m=

2) Let 1 >1,0 < o < min{N,2}. Then for any v e L'RN) N H*(RY),
loll ™ < Cull(=A) 2 vll2]v]l] (10)

N(+2)

where m = SN—a)’ 0= % and the constant C; = C(N, «) (142)?

SESE

The proof of the Strook-Varopoulos inequality can be found in [29], and for the proof of @ or ,
see [3, Lemma 3.2], [I7, Lemma 5.3], |20, Proposition 2.1} or the survey [19]. With all the preliminary
inequalities, we can derive the basic estimates for solutions to or .

Proposition 2.4 (Basic estimates for equation with absorption). Let u be a weak solution to Eq.
obtained as the limit of solutions u¢ to Eq. with non-negative initial data u¢(0) = wg, r > 1 and
1 <p<oo. Ifuge LP(RY) N LYRY), we have

[u(T)llp < lluollp, — 7=0. (11)
Moreover if ug € L*(RY) the following estimate

_ (p—1) -
max( N(p—1 pl>,

lu(T)llp < Clluoll, N, p, 7, 5)7 P(N+2-25) p(r=1) T >0, (12)

holds for a positive constant C(||ugl||1, N,p,r,s) depending on N,p,r,s and on the initial condition only
through the total mass ||uo||1-

Proof. The non-negativity of solutions u¢(7) can be proved similarly as in [10, 3], and is skipped for sim-
plicity. Then the fact -[|u¢(7)|l; = — [ (u*(7))"dz < 0 immediately implies that [[uc(7)[; < [[u¢(0)||; =
||luo|l1. Similarly, for any finite p > 1,

=~ Ve [y 2vuPa - P2 feeayue - [t
2 de — /(ue)rerldx, (13)

p+1

< 220 [eays W

where the Stroock-Varopoulos inequality is used in the last step. Since all terms in the last line of
are non-positive, we can conclude that

[ (T)llp < [luO)lp = l[uollp ~ for > 0. (14)
If up € L=®(RY) N LY (RY), taking the limit as p — +oco in the following estimate holds
[ (7)lloo < fluolloe  for 7> 0.

To obtain refined decay rate along the evolution, the last two terms in can be related to [|uc(7)|p
to establish a self-contained differential inequality. By choosing | = p,a = 2 — 2s and m = p + 1, the
fractional Gagliardo-Nirenberg inequality @D becomes

p+1

(—A) 155 (ue) 2

2
—s ptl
Juc[|? < Onva || (~A)'F () || ]|} < Cva Juo
2 2

4



with a = % and b = %. On the other hand, we have the Holder inequality
p—1) 21) 1) (r— 1)2 p—l)(Qp—l) (:_—1)2
[ A s P e O s P

Therefore, the differential inequality suggests the following two decay rates of HUE(T)’

p’
p(7'+p;2)
1d 4(p—1) 1d lucll, *
Sl (nlp < - sl (Ml and St < ——t
pdr CN,a(p+ 1)2|luo|l} pdr g P

from which we get

N(p—1) p
4p(N +2 — 2 T p(N+2-25) -1 —r=1 T p(r=1)
fusr)lp < (2PN £2=29) and ()l < (P D7)

NCya(p+ D2luol p—1

N(p—1 _
These two bounds lead to the estimate |[u(7)|, < C(||uoll1, N,p,r,s)T (p(N(+72 5 p(r711>>, where the
constant depends only on certain powers of |lug|l;. The desired estimates and (12) then hold by
taking the limit as € goes to zero.

However, the case for p = oo in can not be obtained directly by taking the limit as p goes to
infinity, because the constant C(||ug||1, N, p,r, s) becomes infinity. Instead, the proof in [3, Theorem 6.1]

for L' — L> smoothing effect of solutions is adapted. O

Remark 2.5. The two decay rates in actually correspond to two different regimes for the be-
haviours of the solutions: in the diffusion dominated regimes with r > (2N + 2 — 2s)/N, the decay
rate 7= N@=D/P(N+2-25) 1yreails and the constant C does not depend on r; otherwise the diffusion and
the absorption balance each other, and the rate 7~ ®=V/P=1) prevails. We will mainly focus on the first
case, where the entropy method can be applied in the transformed equation with similarity variables.

For Eq. with convection, similar computation can be applied to obtain the following estimates.

Proposition 2.6 (Basic estimates for equation with convection). Let u be a weak solution to Eq.
obtained as the limit of solutions u® to Eq. @ with non-negative initial data u¢(0) = up, ¢ > 1 and
1 <p<oo. Ifug € LYRY) N LP(RY), we have

[u()llp < lluoll,, — 7=0.

Moreover if ug € L*(RY) the following inequality
_Np-1)
HU(T)Hp < C(|luwollr, N, p,q,s)T pV+2=25) >0,

holds for a positive constant C(||ugl|1, N,p,q,s) depending on N,s,p and on the initial total mass ||ug]|1.

In this paper, we concentrate on cases where the absorption in Eq. or the convection in Eq. is
dominated by the nonlocal diffusion, so that the long term asymptotic behaviours are essentially governed
by Eq. . As a result, the same change of similarity variables used to study Eq. in [9, B, [11] is adopted
here, that is,

1
v =y(L+ )"t = Slog(1+ A7), pla1) = (1+ A1) u(y, 7) (15)

with A = N +2—2s. In this way, the absorption or convection becomes exponentially small perturbations
as shown in the next two sections. To better illustrate the main techniques involved, we first review the
convergence of the transformed equation

pt — Vg - (pvx(—A)_sp + SCp) =0, (16)



obtained from Eq. via the similar variables (L5)). It is show in [9] that, the solution p(z,t) converges
to a steady state, which can be characterized as the solution of a fractional obstacle problem. The steady
state par(z), depending on the total conserved mass M = [ p(z,0)dz = [u(z,0)dz, is given explicitly
in [3] as

2s—1 —s
() = — 2T+ N/2) )(R2_|x’2)17 )

F(2—s)I(1—s+N/2

where the radius of support R is determined by the total conserved mass M through the relation

2257 N/2D (1 + N/2) N+2-2s
M/pM(x)dx (N+2-25)0(1—s+ N2 " '

(18)

Because of the presence both nonlinearity and nonlocality, the convergence of the solution p(x,t) towards
pu(z) is more difficult, relying heavily on the Lyapunov function or the entropy

i = [ (5080 + 3lofp) @ (19)

Since H|[p] is a convex functional, it is proved in [I5, Theorem 1.1] that the steady state is the unique
minimizer of H[p] on the space of all non-negative measures with total mass M and is characterized by
the relation

i 1 N
(=2)par(a) + 5l = 5 R, i <R, (20)

(N —2s)
and ) N
—A)"Spar(z) 4+ =z > ——
However, more refined questions like the convergence rate of p(x,t) towards pps(x) seem less likely to
be answered in the framework of this classical notion of convexity. Instead, it is more convenient to
study the displacement convezity originated by McCann [30], a key concept in the theory of optimal
transport [42], 35]: by defining the entropy dissipation rate

R?, lz| > R. (21)

1) = [ o 9(-2)"p+ af da. (22)

which is exactly —%H [p] when p is governed by , the main task is to establish a relationship between
the relative entropy H|[p|par] := H|p] — H[pa] and the entropy dissipation rate I[p]. Such a relationship,
also called entropy-entropy dissipation inequality, lies at the heart of the entropy method in proving
convergence and is established in only one dimension in [11] as follows.

Lemma 2.7. Let N = 1, s < 1/2. If the entropy H|p] and entropy dissipation rate I[p] are defined as
mn and respectively, then the inequality

Hiploas] = Hlpl ~ Hlpar] < 5110 (23)

holds for any non-negative Radon measure p with the same total mass as pp; such that H|p] is bounded.

Remark 2.8. It remains an open problem whether the inequality still holds in higher dimension.
Provided that it is satisfied, the main results in this paper can be generalized into higher dimensions. The
constraint s < 1/2 (and s < N/2 in general dimension N ) must be imposed, because of the appearance
of terms like ||(=A)*/?p"||2 that have to be bounded by norms of p using the Hardy-Littlewood-Sobolev

inequality (as in Theorem .



Formally, once a relationship like is established, the Gronwall type inequality

%H[P\PM] = —I[p] < —2H|p|pm] (24)

implies the exponential convergence of the relative entropy, i.e. H[p(t)|pn] < e 2 (H][ug|pas]). Exponen-
tial convergence in other norms or metrics, for instance using Csiszar-Kullback inequality for norms of
p — py dominated by the relative entropy H|[p|pas]| are available in literature (see the monograph [25] for
a detailed review). One such inequality in the present setting is also established in [I1, Lemma 3.3], from
which one can show the exponential convergence of the solution.

Lemma 2.9. Let p be a non-negative function on RN with the same total mass M as the steady state
pM, then

1(=2)"*"2(p = par)lI3 < 2(H [plpar))- (25)

After all the basic estimates and background information about entropy methods, we now state the
main theorems. They establish the asymptotic behaviours on the one-dimensional case, in terms of the
relative entropy for the non transformed variables, and H ~*(R) norm of the difference between the solution
u and the asymptotic profile

unr(y,7) = (L+ A7) "M s (y(1 + A7) ), (26)

It is clear that is the time-dependant Barenblatt profile for the fractional-pressure evolution equation
@).

Now we state the main results of the paper, namely the asymptotic convergence to the Barenblatt profile
for solutions to the models , in terms of the relative entropy, in the diffusion dominated regime.
To this aim, as pointed out in Section [2, we consider solutions obtained as limit of solutions u. to the
approximating problems —@.

Theorem 2.10 (Asymptotic convergence for the equation with absorption). Let N = 1, u(y,7) be a
weak solution of obtained as a limit of solutions of with non-negative initial data ug € L*(R, (1 +
z|?)dz) N L®(R), r > 4 —2s and s < 1/2. Let uyy ;) be the rescaled profile with the mass M (1) =
Ju(y,7)dy. Then there exists a constant C' depending on r, s, ||uol1, |[uollee and on Hluo|ups,) such that

Hu(r) urr(n] < C(L+ [log7))(1+Ar)— %230 (27)
with 6 = (r —1)/A —1> 0. In particular, we have

1(=2)72 (u(r) = wrsm) [, < CO+[log T)(1+ A7)~ 72" im0,
Theorem 2.11 (Asymptotic convergence for the equation with convection). Let N = 1, u(y,7) be a
weak solution of obtained as a limit of solutions of @ with non-negative initial data ug € L*(R, (1 +

|z|?)dx) N L2(R), ¢ > 3 — 25 and s < 1/2. Let uypy, be the rescaled profile with the conserved mass
My = ||up||1. Then there exists a constant C depending on q, s, My, ||upl|cc and on H[up|ung,] such that

Hlu(r)|uag] < C(1+ [log 7[)2(1 + Ar) = x —2min(3.0) (28)
with @ = g/X\ —1 > 0. In particular we have

_1-2

(=) (u(r) = uagy) ||, < C(L+ [log 7])(1 + A7)~ '3 im0,

Remark 2.12. We remark that in the case treated in Theorem (2.11)) we have the uniqueness of solutions
(see Lemma [{.9).

The convergence of the solution u(7) to ups(-) (or ups) in other metrics usually relies on interpolation
inequalities between norms, and requires higher regularity on u(7) — ups(ry (or u(7) — ups) that is out of
scope of this paper. This issue will be commented near the end of Subsection 3.4.



3 Fractional diffusion with absorption

In this section, the long term asymptotic behaviours of non-negative solutions to the fractional diffusion
equation with absorption are studied. Different behaviours will be classified first based on the pa-
rameter r. The focus will on the regime when the absorption is dominated by the diffusion and can be
ignored in the long run. Formal computations will be performed to illustrate the entropy method for
smooth enough solutions and then for more general weak solutions by limiting procedure.

3.1 Basic behaviours and the transformed equation in similarity variables

Because the evolution equation is governed by two forces, the fractional diffusion V - (uV(—A)"*u)
and the absorption —u", the corresponding long term behaviours of the solutions are determined by the
competition between these two effects, similar to the well studied cases where the nonlocal diffusion is
replaced with classical linear or nonlinear diffusion [24] B31I]. Formally if the non-negative solution u
is smooth and uniformly bounded, V - (uV(—A)~*u) is non-positive at any global maximum of u and
|u(7)]|co is dominated by the ODE u, = —u". In other words, if r € (0,1), the solution vanishes in finite
time, and if r > 1, then
—-1/(r—1)

(oo < (luollls” + (r = 1)7) .
Furthermore, if » > 1, the solution can not vanish in finite time. In fact, from the condition |u(t)|lcc <
luol|oo in Proposition the change of the total mass of u(7) satisfies the differential inequality

3 ([ utmna) = = [utwryray= = ([ utrriay) ol

The lower bound on the decreasing rate implies that the total mass can not be zero at any finite time.

The regime r > 1 can be analysed further, depending on the role played by the nonlocal diffusion
dictated by scaling argument. If r € (1, (2N +2 —2s)/N ), the long term behaviours are the determined
by both the fractional diffusion and the absorption, and the solutions are expected to converge to the
self-similar solution of the form

(1 +(r— 1)7) ey (y(l +(r — 1)7)’“/(7"’1)) , (29)

2-7 _ and the self-similar profile U satisfies the equation

where o = 5(1=3)

U+oax-VU+V-(UV(=A)U) = U" = 0.

When s = 0 (the case with classical diffusion), the convergence of the solutions towards the self-similar
solutions can be established rigorously [24), B31], mainly using comparison principles. However, similar
refined quantitative techniques do not seem to be available in the fractional setting; properties of the self-
similar profile U governed by and any further information about the convergence remain challenging
open problems.

In this paper we are interested in the parameter regime when

S 2N +2—2s

N )

such that the absorption becomes small perturbation in determining the long term behaviours. More
precisely, using the same change of similarity variables , Eq. becomes

pe=V"-[p(V(=A) " p+z)] - P(t)°p, (31)

where P(t) = 14+ 7 = e* and § = N(r—1)/A—1 > 0. Similarly, basic estimates for u(7) in Proposition [2.4]
can be translated directly into those for p(t).

(30)



Proposition 3.1. Let the solution p for Eq. be obtained from the solution u for Ejq. using the
change of similarity variables and 1 < p < oco. Assume we are in diffusion-dominated regime .
If ug € LY(RN) N LP(RY), we have

N(1-1)¢
lo®ll < uollpe™ 72 10 (32)
Moreover if ug € L'(RY), the following estimates
o)y < C([luolls, N, p,s),  fort>to (33)
__N(p-1
lo(®)lly < C(luolln, Nyp, s)t 722 for 0 <t <ty (34)

hold for some tg > 0.

Proof. The estimate is exactly , in terms of the similarity variables . In the parameter regime
r > (2N 4+ 2 —2s)/N, the estimate becomes |[u(7)|l, < C(|Juoll1, N, p, s)7~NP=D/PIN+2=25) (with no
dependence on 7 in the constant C), or

e—At>—N+§st(1—i>

_1 1-—
o)l < lu(@)[le” 72" < C(|Juollr, N, p, ) (

A
Therefore the estimate is obtained for ¢ > tg and for 0 < t < to, using the bounds (1 —e~*)/\ >
(1 —e Mo)/Xand (1 —e M)/X > t(1 — e ) /(Aty) respectively. O

Remark 3.2. Using and B3), if up € L'(RN) N LP(RN), then ||p(t)|lp is uniformly bounded for
any time t > 0 by a constant depending on N, s, p, ||uoll1 and ||uol|p. In fact, from , the uniform
bound of ||ug||, on the initial condition ug is not needed for the long term behaviours of our interest. For
simplicity, we will assume that ug € L' (RN) N L>®(RYN) in the rest of the paper, thus we have

lp()lloo < C(lluoll1, [[uolloos N, 5)- (35)

Consequently, by interpolation between norms, we also have ||p(t)|l, < C(|luol|1, ||uolloos N, p,s) for any
1<p<co.
Let M(t) = [ p(z,t)dx be the total mass at time ¢. Since

d -0 T

&M(t) = —P(t) pldx <0,
the mass M(t) is decreasing, i.e. ||p(t)]]1 := M(t) < Mp := ||ug|1. Moreover, we can show that the
limiting mass

+o0
M=ol = [ P(s) [ plassydeds (36)
0

is strictly positive. Indeed, from the uniform bound of the solution, we get

D1ty = —py? / o dx > —P(t) | ()75 / pdi > —C(ull, [[wo]loo, N, $)P(H)OM (1), (37)

dt
This differential inequality can be integrated on the time interval (0,t) to obtain
M(t) b ls b
log M (0) > —C(lluoll, [luolloo, Ny s) [ P(t)~°dt = —=C([luoll1, [[uollsc, N, 5) P(t)~"dt.
0 0

This implies that
M(1) 2 M 2 M(0) e (Ol ool Nos) [ PO at) >0
0

With this result, we can show that p(z,t) eventually converges to the profile pys_(x), by first showing
that it converges to the time dependent profile pys(y)(z).

9



3.2 Exponential convergence for smooth solutions

In this subsection, we show that if p(¢) is a solution to Eq. with certain regularity, then it is “close”
to the Barenblatt profile pys;) measured in some metric. Here the main technique is to adapt the well-
established entropy method in this new setting, by proving the exponential convergence of the relative
entropy between the solution p(t) and the Barenblatt profile pys;). The calculation below is entirely
formal, without worrying about the regularity of the solution p(t), so that the main idea is conveyed in the
simplest setting. Once this convergence is established, the convergence for general weak solutions through
limiting procedure will be proved along the same limiting sequences, as shown in the next subsection.
The key idea is still to establish a self-contained differential equality for the relative entropy H{[p(t)|pps(s)]-

From the definition of the entropy H|p], if p(t) is a solution of and decays to zero fast enough, then
the time change of the entropy becomes

d

1.2
O] = 1] = P [ ptor [-8)p+ 5 | 0 (39)

On the other hand, since the time-dependent profile pys() is supported only on the ball [z| < R(t) with
R(t) related to the total mass M (t) via (L8),

d d 1,
g” —Hlpp)] = ! /|x<R( < @) (=A) o) + §|$| pM(t)> dx
|9:|2> 0 / PM(t) _ >
= dx + R'(t —((=A)"? + |z|* ) dz

_ lz|2\ 0
= —A S _ R
/|w<R(t) (( ) o) + 5 ) 9PM® dz,

where the fact that pps) vanishes on the boundary [z| = R(f) is used in the last step. From the
characterization of the local profile py;(y),

d NR(t)? NR(t)? _ .
qtlemel = 55— 23 /8t BT R A T 5/" de.

Using the characterization and again for the behaviour of (—A)™*pys) + |#]*/2 inside and
outside the ball |z| < R(t), we finally get

2
) > PO | <<—A>SpM<t> s >p . (39)

With these preliminary formal computations, now we can show the exponential convergence of the relative
entropy H [p(t)|ppr(r)] as summarized in the following theorem. The result above holds only for N = 1
since the essential entropy-entropy dissipation inequality has only been proved in one dimension. As
a result, the diffusion dominated regime becomes r > 4 — 2s or equivalently § = (r —1)/A —1> 0.

Theorem 3.3. Let N =1 and p be a smooth solution of the one-dimensional fractional porous medium
equation with absorption with non-negative initial data ug and s < 1/2. Let py) be the Barenblatt
profile with the same mass M(t) as p(t). Then we have that the relative entropy Hlplppr) = H|p] —
Hpnr()] decays to zero exponentially fast. That is, there is a constant C' depending on the mass My :=
lluoll1, the sup norm ||upl|so, the exponents r, s and on H[ug|pas,], such that

H{p(t)|oar) < C(1+ )2 exp(~2min(1, d)1). (10)

10



Proof. The proof is based on a self-contained differential inequality of the relative entropy H[p(t)|par(s)]-
From the two expressions and for the time derivative of the entropies, we have

L o) par) < ~Ilo(8)] — P(1) / p(t)f(—m*(p(t) - pM@)) deo

dt
< ~Ilp(®)] + PO [(=2)72p(0)" [, (=2)7"(p(®) = parc) (41)

Using the one dimensional entropy-entropy dissipation inequality (23] . and the relation , the differential
inequality becomes

S Hlp(Olpasco) < ~2H{p0lascr) + VEPE | (A7 2p(0)" |y (Hlp(®)lpao])

Applying the HLS inequality , ie.

[(=2)7"2p®)"l, < C()llp®)"l 2

1+2s

A

=C)lp®N" 2 < Cllluoll, [luofloo, 7 5),

we get (recall that P(t) = eM)
4
dt
If the relative entropy H[p(t)|par(p)] is strictly positive on any time interval (t1,t2), then

Hp(®)lowr] < ~2H [0 loarco] + Clluollr ol 5= (Hlo®lparce])

d 1/2 1/2
S (HlpWlpww)) < =(Hlp®loa]) " + Clluolls. ol v, ) exp(=A0t), ¢ € (t1.2),

By Gronwall’s inequality, for any ¢ € (¢1, t2),
2

t
H{p(t)|pare)] < [e—“—t” (Hlp(t)loaren)) " + C(luolly, oo, 7, s)e ") / exp(T — AOT) dr

t1

By choosing t; as small as possible, we have either 1 = 0 or H[p(t1)|pas(,)] = 0, and hence the following
exponential convergence for any time ¢ > 0

Hlp()lpary] < C(L+ ) exp ( — 2min(1, A9)e), (42)

where C = C(H[uo|pas); [[uoll1; l[uolloos 7 5)-
O

Once the exponential convergence of the relative entropy is proved, the convergence in other metrics
can be readily available, for instance the Wasserstein metric that is defined as

1/2
Wao(p1, p2) = inf // |z — y| dn(z,y)
7€l (p1.02) J JRN xRN

with [],,(p1,p2) being the set of all nonnegative Radon measures with total mass My on RY x RY and
marginals p; and po. Because of the displacement convexity of the entropy H, the following Talagrand
inequality or transportation cost inequality

2(p, par) < V/2(HIp] — Hlpw)) (43)

holds true (see [11, Eq. (2.7)]), from which the Wasserstein distance between p(t) and py(;) also decreases
exponentially fast as in the following corollary.

Corollary 3.4 (Convergence in Wasserstein metric). Under the same condition as in T heorem
Wa(p(t), pury) < C(1 + 1) exp(—min(1, Ad)1).

where C' has the same dependence as in Theorem [3.3

11



3.3 Exponential convergence for general weak solutions

In the previous subsection, the solutions are assumed to be smooth to justify all formal computations.
However, the weak solutions obtained from the limiting sequences may not possess the required regularity
and the exponential convergence of the relative entropy has to proved for the solutions of the regularized
equation first, followed by a similar limiting procedure. To start, we consider the following regularized

problem of Eq. :
ap°
ot

=7 T (8) 4 GleP +togs) | < PO 0 — ). ()

It is easy to see that the solutions p. enjoy the same uniform LP bounds described in Proposition
Because of the presence of linear diffusion, an associated regularized entropy is defined as
1 s ||
Hlpl= [ | 5p(=A)7p+ =-p+eplogp | dz

together with the entropy dissipation rate

I[p] = /p}V(—A)_Sp—i—x—i—eV]ogp‘de.

To make sure that the entropy H.[p®(t)] is finite for the solution of Eq. (44)), we first assume that the
initial data has finite second moment, since this property propagates through any time, as we prove in
the following lemma.

Lemma 3.5. If ug is a non-negative function in L*(RY, (1 + |z|*)dz) N L>(RY), then a solution p®(t)
of Eq. stays in LY(RYN, (1 + |z|?)dzx) for all t > 0 and

[ e ar<c (uuoul, Juolles | fPuocis, ) . (45)

Proof. The computations below are based on the assumption that p¢ decays to zero fast enough in the
far field, and can be made rigorous by using a cut-off function in space, see for instance [6, Lemma 2.1].
From the governing equation for p¢,

d 2 2 2
dt/‘z’[)edx:—/pe(x-V(—A) “+|z)?) /‘QC| ) dz +e /| 7l ApSda

< —/peas'V(—A)_spedx—/\az|2p€dx+eNM€(t). (46)

By the definition (—A)™*p¢(z) = Cns [ |z — y|>* "N p*(y)dy of the Riesz potential, the first term on the
right hand of becomes

= [ Vay e =V - 20, [[ o @) @ - gl -y dyd

The last double integral can be symmetrized by taking the average with the same expression when the
variables x and y are exchanged. That is,

—s € N —2s € € s— N —2s € —s €
—/pex-V(—A) prde=— CN,S//p(w)p ()l -y Vdydz = 5 /p(—A) pfda.

As a result, the rate of change of second moment can be bounded as

=
dt 2

pSdx < (N —2s) /pe(—A)‘("pE dz — / |z[2p¢ dz + N M. (47)
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By the Hardy-Littlewood-Sobolev inequality and the uniform LP bounds described in Proposition
/pe(—A)_Spe dz < |[(=A)72p%[3 < C(WV, S)Hﬂ&ﬂ < C(fluollx; lluollos, N s)-

This bound, combined with the differential inequality , leads to the desired estimate . O

Lemma assures that all three integrals in the entropy H. are finite along the flow of Eq. .
Indeed, if the initial data uo is a nonnegative function in L'(RY, (1 + |z|? )da:) N L>(RY), then both
i |z|%p¢(t) dz and I p<( $p dz are finite. Since the Boltzmann entropy [ p¢(t)log p¢(¢)dx is bounded
from above by M.(t) log ||pM6 ylloo, by Carleman type estimate (see [5, Lemma 2.2]), the uniform in time
bound of the second order moments yields p(t)log p¢(t) € L*(R) at any time ¢ > 0. Moreover, Lemma
implies the mass confinement

1
lim sup/ pe(t)dz < lim sup — |22pe(t) dz = 0.
R—=00 >0 Jiz|>R R—o0 >0 R Jjz>R

This gives in particular the weak L' convergence of p¢(t) to p(t) thus in particular the convergence of
M(t) to M(t). Using the lower semi-continuity of the entropy H with respect to the weak*-convergence,
we have

Hp(t)] < liminf H[p (1)

e—0t

/|x’2p(t) dz < lig(i)rjf/ |z|?p¢(t) dz < C <N,s, luo oo, |[uoll1, / EIR™ dx) .

Now, arguing as in the proof of Lemma we can show that higher order moments are also preserved,
that will be needed in Section to show the exponential convergence in L'-norm.

and

Lemma 3.6 (Bounds on higher order moments). Let n be a positive integer and ug be a non-negative
function in LY(RN, (1 + |z|?>")dx) N L= (RYN). Then a solution p(t) to Eq. with initial condition ug
is also in LY(RN, (1 + |z|?™) dz) for all t > 0 and

T C7(Huoﬂl,”UOWm7]/L”2nUOd$,”wIVaS>- (48)

Proof. From equation satisfied by p°¢,

2n
E |1‘2| /]a:|2" 2pa -V (— A)_spedx—/|x|2”p€d:c—|—eN(2n—1)/|x!2n_2p€da}
n

|2n—2 |2n—2y) .

Using the fact that for any positive integer n there exist a constant Ky, such that (| x—|y
(z —y) < Knn(|z]* 72 + |y|*"2)|z — y|?, the non-local integral — [ |z]|?"2pz - V(—A)~%p° on the right
hand side can be symmetrized as

- 25 n— n— S—IN —
ch/]' (2?22 — [y[22y) - (& — y)lo — y** N 2dy da

N 2s KNn n—2 ¢ _s €
<<2’L/mﬁ 2 (~ A) 5" d.

This integral can be further bounded as

N —2s)K n n—2 € —5 € 1 n € o € —S5 €|n
(;M/W 2p¢(=A) pdx32/|:c|2pdm+K<N,s,n)/pl(—A) p|" da

1
= 2/!w\Q"PEdIJrC(HUOHhHUOHooamNaS%
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where the L* bound of p¢ and the Hardy-Littlewood-Sobolev inequality is used in the last step. As a
result, the rate of change of 2n-th moment becomes

2n
G B e < Clluolh ol N.s) = 5 [ oo do+ eNn—1) [lo2pdn. (19)

By induction on n, the differential inequality implies that all moments of the solution p® up to order
2n are bounded as well. O

It is straightforward to show that M.(t) < M(0) = ||uo|l1 = My. We define the Barenblatt profile
P (r) 8 the minimizer of He [p] over the set of admissible function

Ym.) = {77 € L#(RN) Cinllr = Me(t), /|3:|217(:L‘) dx < oo} )

This minimizer pf, ,, exists and is unique from the convexity of the functional H (see [15]). Moreover,
P, ® satisfies the Euler-Lagrange equation associated with H,, that is

(=A) Py + 5 !w\ + e(log phy, 1y + 1) = &e(t), (50)

for some constant &.(t). First, the counterpart of Lemma relating H*(R) norm the relative entropy
still hold for the regularised entropy.

Lemma 3.7. Let n be a non-negative function with total mass Mc(t) such that H.[n] is finite, then
N~ A)=/2(n — 5y )13 < 2(Heln] — Helpsyy )

Proof. Since pf, ) has the same mass M(t) as 7, from the characterization , we get

—S € 1 €
0= /&(t) (n-ﬂhw) dr = / (ﬂ-ﬂiwe(t)) <(—A) Prroty + §|93|2 + e(log piy 1) + 1)> dz.

This identity can be rearranged to obtain the relation

dx.

1 —S
)~ Hlphy o) = 31(-2)20 = g )13 + ¢ [ nlog
M (t)

Applying Jensen’s inequality (with then measure du = 6((0) dz),

/nlog 677 dx:Me(t)/ 677 log 677 du(t) > M(t) (/ 677 du) log </ 677 d,u) =0.
Phc(t) Pu.t) P PM.(t) PM. ()

Therefore, the desired inequality holds. O

Although pjwe(t) is not expected to have explicit expressions as pjs in , we can still get uniform
bounds with respect to € and ¢ > 0.

Proposition 3.8. The family of minimizers p?\/le(t) is smooth and uniformly bounded in L (RYN) with
respect to €.

"Here the superscript € is used to distinguish it from pas, the minimizer of H|[p] with total mass M.
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Proof. We first show that the minimizers are smooth for any € small enough, and then show the bounds
are uniform. Multiplying both sides of the Euler-Lagrange equation with pj, ® and integrating on
the whole space, we get

1 € —s € € €
(ge(t) - G)Me(t) = 5 /pMé(t)<_A> pME(t) dzr + He[p]\/[é(t)] < He[pMe(t)] < He[pMe(t)L

where the fact that pﬁwe(t) is the minimizer of H, is used in the last inequality. Since M(t) converges
to M(t) > 0, Helpar,(1)]/Me(t) is uniformly bounded (for e small), and so is { — e. Next again from the
Euler-Langrange equation ,

pﬁo—m{ @o <AW@W>“T)1>SW{%?) (51)

which implies that p§, ) € L (R) for any finite € > 0.
To prove that pj, ;) is smooth, we follow the main ideas from [14, Theorem 10] for a similar calculation

for the case s = 1. Indeed, using the interior regularity result for the fractional Laplacian stated in[34]
Theorem 1.1 and Corollary 3.5] (see also [§, Proposition 5.2]) we have (—A)_Spﬁwe(t) € L>°(R) and

I=8) 0 llcozs < € (I(=A) "0 lloo + 1951, 1 ) -

then from we obtain pf, ) € C%2%. Then we apply again the above mentioned regularity estimate
of [34], saying that for o > 0 such that « + 2s not an integer,

I(=2)""Par, iy | coatos < C (II(*A)_SPM@IIOO + ‘|P§\4€(t)||00,a> :

to find that (—A)_Spj\/le(t) € C7 for any v < 4s. Then by we have piwe(t) € C7 for any v < 4s.

Arguing iteratively, any order ¢ of differentiability for (—A)~* P ) (and then for P ( t)) can be reached
and hence pj\/[e(t) € €. we finally obtain pj, ® is actually C°.
With the regularity properties we have just proved at hand, it is quite standard to obtain a uniform bound
of . @ in time and € > 0. Indeed, from equation we have

0= /v(png(t))p v/ {(—A) ng \x’2 + e(log piyr (s Ol 1)} dx
z/W%MWVFMﬂ%meN/@%W%x

4p 1-s p+1
> (p+1)2/’(_A) 2 (t) N/ pMe(t 33',

where the Stroock-Varopoulos inequality is used. Since a direct application of Nash-Gagliardo-
Nirenberg inequality does not give bounds on || /’5\/16@)”007 a classical Moser type iteration is used

first for different norms. Then we apply the Nash-Gagliardo-Nirenberg inequality with the choices

2p l » ~ N@2p+1)
p+1’ 2 p+1 (N—1+s)(p+1)

a=1-—s, [|=

and v = (pjwe(t))(ﬁl)/?, in order to obtain

[ e = CO¥spwl = CN )i [
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with q = % > p. Then we finally have

2 2p+1
195 l57 = Cllpfs, a7 (52)
where the constant C = C(N, s, p) verifies the asymptotic

C(s,N)

C=C(p,s) ~ 5 as p — oo.
p

Now we can use (52)) to iterate between different norms to get |[pg, ) lloo- We set pg = p and

+1 N
= 0 —_ o= —————.
Pk+41 PeT 5 | N—1+s

We notice that, by our assumptions, the sequence {py} is defined through

N
— A(c* —1 A= 0
Dk (o ) + D, 2(1_8)—|—p>

so that pr < pr+1 and limg_, o, px = +00. Then inequality provides

C(N, s, P 195, oy 525 < M0, 0y I 2%

from which (recalling that py — 00),

Pk

_ 1 o
1056 lprss < Clows8) 25l iy llp -

Since 1
lim C(pg,s) st =1,
k—o0

setting Uy = || p?\L(t)”Pk’ we can iterate as in [41, Proposition 5.4] and we can pass the limit and obtain
the following bound of the L*° norm of P ) in terms of its LP norm:

2p(1—s)
1+2p(1—s)

|’p§\/[€(t)||00 < C”P?\/Ie(t)np

Since this inequality holds for all p, we can choose p = 1, thus
2(1—s)
”pi/[e(t) HOO < O(N’ S)M€(t) TH=e) < C(N7 S, MO)?
hence the proof follows. O

We now focus on the convergence of the solution p(t) of the regularised equation towards the
time-dependent profile Pir. (1) to recover the same rate as the regularization constant e goes to zero.
Arguing similarly to the smooth case in one dimension, we obtain

T 2
G = )= P [ |y B e+ o)

and

€

d € —s € x|? € apM& !
el o] = / <(_A) Par |2| el F 1)> 375( o

8P§V[E(t) d

= ff(t) Me(t)’
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where the Euler-Lagrange equation satisfied by the regularised profile pj\/le( n is used. From %Me(t) =

—P(t)7° [(p*)"da, %He[pjwe(t)] can be written as

%He[ﬂ?weu)] = —&(H)P(t) / (p°)" dx
- _P(t)6/ <(_A)SP§\/I(t) + %|$‘2 + €(log '05\4(1%) 4 1)) (p°)" dz.

Therefore the time derivative of the relative entropy becomes

(1)~ Hly)) = 1o~ P()? / () (=) (0" = Py ) + €log(p" /oy )] de. (53)

On the other hand, the logarithmic term in can be written as

¢ 105 o lIF <\ c\ (PSren)”
/(pg)r log Ep dz = M) / ep log Ep d, dp = 7?/‘[(” 7ndac.
P (t) r Pr () Ph(t) HPM(t)Hr

By Jensen’s inequality again we have

€ 05 [ € " € r
Joromgtee et ) ol () o
PM.(t) " P (t) PMe(t)

- 105, 7 1

’
T (&

where the fact that f(z) = zlogz > —1/e for z > 0 is used in the last step. As a result, by Proposition
3.8 we find

(AVA p€ € T
— [(0r10g " da < Clly o < Callunl. ).
P (t)

Now we notice that (see [I1], Proposition 2.4] for more details) the entropy-entropy dissipation inequality
is still valid for H,, i.e.,

%(He[Pe} - HE[Piwe(t)]) < 72(H€['06] - He[p;W(t)D

_ . c 1/2
+ C(luolls luolloos 7. $)P(t) " (Help] — Helpyr) "

+eC1(||uol|1, 7 s)P(t) 0. (54)

Now we can prove Theorem [2.10] about the exponential convergence of relative entropy of general weak
solutions, by taking the limit as € goes to zero.

Proof of Theorem [2.10, If we set fc(t) = He[p(t)] — He[p§y, (1) then implies that f. satisfies the
differential inequality

FLE) < =2f + Cre M fH2 4 eCoe™
From Lemma [3.9] below, we have

lim inf (H[p“(0)] = Helply, y]) < O +1)%e?mm0A

e—0t

and our aim now is to show the above limit on the left hand side is larger than H|[p(t)] — H [pps()]. Since p°
is uniformly bounded in LP(R) with finite second moment, | [ p¢log p¢| is also uniformly bounded. From
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the lower semi-continuity of the entropy H|[p] ([L1, Theorem 3.1}), when € goes to zero, p(t) converges to
p(t) in weak L', and
liminf H.[p(¢t)] > liminf H[p(t)] = H[p(t)].

e—0+ e—0+

For the other term H, [,05\/[e ( t)]7 we can show that the limit as € goes to zero actually exist. If we define

Hn) = mM(t /];1:\ ndx—i—/nlogndx

for any function n in LY(R, (1 + |z|*)dz) such that [n(z)dz = M(t), then H[ | is non-negative and
H[n] = 0 only when n(z) = exp(—n|z|?/Mc(t)?). If € is restricted to be less than 5-M.(t),

Helply, ) = eHph ) + (1 = 2emM(t) %) H[phy_ )] + enMe(t) 2 /pi\/ls(t)(A)_spj\/le(t) dx

> (1= 2enM.(t)"%) H{pps. (1))
which implies that

liminf He[p} (] = lim (1- 2€7TM€(t)_2) Hlpn. ) = Hlpa)-

e—0 e—0

Here in the last step the limit exists because the entropies H[par, (1)], H|[par(r)] depend only on the masses
M.(t), M(t) and Mc(t) — M(t) (recall that we have the explicit form of the Barenblatt profile (L7)).
Moreover, due to the minimality of pjr, ;) and the fact that the Boltzmann entropy Ip M. (t) 108 Par Rdx is
uniformly bounded from above w.r. to e (implying that py, ) log pay, (1) is uniformly bounded in L' (R)),
we have

Helphy. ) < Helpar.y)) = Hlpar ) + € / P (1) 108 par. (1w

then
limsup He[pyy, )] < Hlpnr ()]

e—0

which finally gives
im He[ply ] = Hlpa))-

e—0

Putting all these together, we get the exponential convergence , which is exactly via the change
of variables (15). The convergence of u(r) — up(r) in the H™*(R) norm is then a direct consequence

of . O

In the previous theorem we used the following technical lemma.

Lemma 3.9. Let f(t) be a family of non-negative functions defined ont € [0, 00) satisfying the differential
inequalities fL(t) < F(fe(t),t,€). Here € € (0,€| for some € >0 and

F(f,t,€) = —2f + Cre ™ f3 4 eChe !
for some positive constants C, Co and Aé > 0. Then the following statements hold.
(a) The family of functions fe satisfies the bound
Fult) < €2 £(0) + Ca(1 + £)e— ™m0

where

Cy = C1C;4 1/2 +&Cy and C3= max{ sup fE(O),C%,ECQ};
€€ (0,¢]
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(b) we have |
liminf f(¢) < C(1+ t)2€—2m1n(1,)\6)t.

e—0F

for some positive constant C' depending on €, Cy,Co and lim,_,g+ fc(0).

Proof. (a) First by the classical comparison principle of ODEs between f.(t) and the constant Cs defined
above, F'(C3,t,e) < 0 and hence f.(t) is uniformly bounded above by Cs5. Therefore, f(t) satisfies the
simpler differential inequality

fl < =2f + Che

The desired inequality is obtained by integrating the equivalent inequality %(e% fe(t)) < Cye2=200t,

(b) In addition to the comparison principle of differential inequalities, continuous dependence of so-
lutions of ODEs on the parameter € will also be used, where the main barrier of non-Lipschitz continuity
of F(f,t,e) at f =0 in applying these techniques is considered separately.

First define g¢(t) to be the solution of the ODE g¢.(t) = F(gc(t),t,€) with g.(0) = fc(0). Then from
gL(t) > —2g.(t), we have g.(t) > g.(0)e~2! on any finite interval [0,7] and F(ge,t,e¢) is now Lipschitz on
(9¢(0),00) x (0,00) x (0,€). Then by the continuous dependence of ODEs, the limit g(t) = lim,_,o+ g(t)
exists, and g¢(t) satisfies ¢'(t) = F(g(t),t,0) with the initial condition ¢(0) = liminf._,y+ fc(0). Moreover,
g(t) < C(1 4 t)2e~2min(LA)E by the same argument as in the proof of Theorem

Next we apply the comparison principle between f. and g.. If f.(t) < f.(0)e™?, we get fo(t) < ge(t);
otherwise if f.(t) > f.(0)e 2! on some interval [tg,t1], the comparison principle between f.(t) and g.(t)
still applies, where the initial condition f(t) < g.(t) can be enforced at t = ty by choosing ¢y as small as
possible. In either case, the relation f.(t) < g¢(t) is satisfied on any finite interval [0, 7], on which

liminf f (¢) < lim g(t) = g(t).

e—0t e—0t

3.4 Comments on L? and L' decays

Once the exponential convergence in the relative entropy H[p(t)|pnr()] (or H[u(7)ups(r)]) is established,

the convergence in H ~#(R) norm or in the Wasserstein metric W is straightforward, using the inequali-
ties and (43). However, the convergence in other common norms like L' (R) or L*(R) is less obvious.
In the case of classical heat equation, the convergence in L!'(R) norm can be derived from the relative
Boltzmann entropy, using the well-known Csiszar-Kullback inequality. For the entropy H[p] used here,
the convergence in L' (R) or L?(R) norm can not be established directly using similar inequalities, and has
to rely on interpolation lemma like below [I1, Theorem 3.4], with additional assumptions on the Holder
regularity of the solution p(t).

Lemma 3.10 (Interpolation between norms). Let 0 < a < 1,0 < s < N/2 and 0 < a < a/2. There
exists a constant C' depending on N, s and a only, such that

lullz < ClI(=2) " a5 [u] g2 |u] 7
for any function u € LY(RN) N0 C(RN) with

a s(N + 2a) s(N 4 2« — 2a)
) 02 = 3 03 = 9
a+ts 2 2(N +a)(s+a) s 2(N+a)(s+a)

o1 =

where ||, denotes the Hélder seminorm.
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The explicit expression of prry implies that pyry) is (1 — s)-Holder continuous with [ppr(s)]a
depending only on M (t). If the solution p(t) is also a-Hélder continuous with uniform in time bound of
[p(t)]a; then by choosing u = p(t) — pps) in Lemma (with N =1) and 0 < a < min(e, 1 — 5)/2, we
get

lo(t) = parqpyllz < CI(=2)"*"2(p(t) = parn) 15 [(8) = prrcey )2 1o(8) = parco)lIT*-
Using (25), the uniform in time bound of [p(t) — pas(s)la and the fact that [|p(¢)[| 11 + |lpall < 2Mo, we
get

91

2
Io(t) = paroll < C(Hploaw]) *
for some constant C' depending on «, a, My. Combining this last inequality with the exponential conver-
gence of the relative entropy H|[p(t)|pas(1)] we obtain the following convergence rate in L? norm,

I0(t) = pargolls < C(1 + 1) exp (= oy min (1,20)t). (55)

The convergence in the L!(R) norm is more involved, because uniform bounds in higher order mo-
ments are needed. Arguing as in [II, Corollary 3.5] and using [13, Lemma 2.24], we find the following
interpolation between the L'(RY) and L?(R") norms,

4an

1
_4n 1+4n
10(t) = pascoll < COV w08 = parce 137 ( JERET dx> .

Provided that up € L' (R, (1 + [2[*")dz) N L*°(R), Lemma guarantees uniform in time bound of the
2n-th moment. Therefore, the convergence in L*(R) norm in yields finally to the convergence in
L'(R) , i.e.

dno 1
1+4n

Using the similarity variables, the L' convergence for the solutions of Eq. can also be derived,

4dno
Io(t) = parcolls < C(1+ 1) 755 exp ((— min (1, A0)t).

4noy _4noy in (; 5)
[u(T) = Unrlln < C(1 4 log 7) Tan (1 + 7)~ Toin HEANS),
This convergence, together with the decay of L>°(R) norm of the solution u(7) in Proposition implies
the convergence in LP(R) for any p € (1, 00), although the rate is unlikely to be optimal.

4 Fractional diffusion equation with convection

In this section we focus on the long term asymptotic behaviours of solutions to the nonlocal porous
medium equation with convection. As in the previous case with absorption, basic properties of the
solutions will be reviewed first, followed by the proof of exponential convergence of relative entropy for
smooth solutions and then for more general weak solutions through limiting process. Detailed proofs in
some of the statements below will be omitted, if they are straightforward or similar to the case with
absorption.

Using the same similarity variables , Eq. becomes

pr =V - (pV (=) p+zp) = —P(t) b Vp, (56)

with P(t) = 1+ A1 =™, 0 = (N(¢— 1) +1)/X — 1 and p(x,0) = ug(x). Here we are interested in the
diffusion dominated regime with 6 > 0, or equivalently ¢ > (2N + 1 — 2s)/N. The divergence structure
of Eq. implies the conservation of total mass, namely for all ¢ > 0,

Mo ::/uo(x) dac:/p(m,t) dz.

Arguing in the same way as in Proposition we get the same estimates.
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Proposition 4.1. Let p be a solution to problem (56|). Then estimates , , , still hold.

We will focus on the one dimensional case below with b = 1. It turns out that in this special case,
weak solutions to Eq. (and hence weak solutions to Eq. ) are unique, by introducing the variable
in the integrated form, i.e.,

U(fE’T)Z/ u(y,7)dy for 7 >0,z €R.

—0o0

As a result, if u satisfies Eq. , then v satisfies the equation
vr 4 vz (=AY 50 4 v, |7 =0 (57)

with the initial data v(z,0) = vo(z) = [*__ uo(y)dy. The mass conservation of u implies the following
boundary conditions for v,

IEIEIOO’U(:IZ,T) =0, wll)l}rloov(a;,r) = M

for all 7 > 0. In fact, v is a viscosity solution of Eq. by following the procedures in [38, Proposition
4.2] (see also [37, Section 8]). The uniqueness of these viscosity solutions is then guaranteed by the
comparison principle proved in [16, Theorem 6.1], yielding to the following result.

Lemma 4.2. Let ug be a nonnegative function in L*(R). Then there exist a unique weak solution to Eq.
with initial data ug.

We now prove the exponential convergence of the relative entropy between the solution p and its
Barenblatt profile pyz,. Formally, if p is a smooth solution to Eq. , then

G = =11 = P [, (-804 glaf?)

Now the key step to obtain a self-contained differential inequality is to relate the last integral above to I[p]
(instead of Hlp] as in the absorption case) via integration by parts and the Cauchy-Schwarz inequality.
That is,

2

P [ [+ caro]ar = [ i[5+ 80 @

x
1/2
< P(t)”° (/ \plqudw> I[p)*?
R
< C(|[woll1, [wolloo, 4, 8)P(£)~*T[p)*/?.
Since the total mass is conserved, H[py,] is a constant and the above computation implies

%H [o()]pare] < —I[p(t)] + CP(t)~*I[p(t)]2,

N

(58)

from which the exponential convergence of the relative entropy can be proved as in the following theorem.

Theorem 4.3. Let N =1, ¢ > 3 —2s and p be the unique weak solution of the one-dimensional nonlocal
porous medium equation with non-negative initial data up € L*(R, (1+|x[?)dz)NL>®(R) and s < 1/2.
Assume that p is smooth and let ppr, be the Barenblatt profile with total conserved mass My. Then the
relative entropy H[p|pa,] decays to zero exponentially fast. More precisely, there is a constant C' depending
on ||uo|1, ||wolleos Hluolpas), ¢ and s, such that

Hp(t)|pas,) < C(1 + t)% exp(—2min(1, \9)t). (59)
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Proof. Define the function f(o) = —o + CP(t)"%¢'/? for non-negative o. Then f is decreasing on the
interval [C2P(t)~20/4,00). If H[p(t)|par,] < C?P(t)~%/8, then the bound holds true. Otherwise if
H{p(t)|par,] > C?P(t)~2%/8 at any time ¢, by the entropy-entropy dissipation inequality ,

C2P(t)* /4 < 2H[p(t)|pasy) < T1p(1)]
and hence f(I[p(t)]) < f(2H[p(t)|pa,) by the monotonicity of f. Therefore Eq. implies

S Hlolon] < 7 (2Hploan]) = ~2H[plons] + VICP() ™ (Hlploas,)) "

This differential inequality can be solved in the same way as in Theorem to obtain the exponential
bound of the relative entropy. O

To show the exponential convergence of general weak solutions of Eq. , similarly we consider the
one-dimensional regularised problem

ap°

ot

= o9 (8 e etos ) | < PO @0 =) (@

Many properties of the solution p¢ can be established in a similar way in the absorption case, such as the
counterpart of Lemma the confinement of total mass and the weak L! convergence of p¢(t) to the
weak solution p(t) as € goes to zero. Moreover, from the governing equation satisfied by p¢, we get

S H o (o) < Lo O] + CPE) LI (0]

Using the same technique as in Theorem we obtain the exponential convergence of H[p®(t)|pj,,], and
hence the same bound (H9|) for general weak solutions by taking the limit as € goes to zero, providing
the proof of Theorem for the convergence of relative entropy for the original equation (4). Finally,
by assuming uniform in time Holder seminorm of the solution p(t), the exponential convergence of p(t)
towards pyy, in L'(R) or L?(R) norms can be proved in a similar as in Section

5 Conclusion and generalisations

In this paper, the long time behaviours of the solutions to the nonlocal porous medium equation are
studied, by showing the convergence of the relative entropy between the solutions and their Barenblatt
profiles. The convergence in other norms can also be obtained, by assuming additional Holder regularity on
the solutions. Although we only concentrated on equations with power-law type absorption or convection,
the same procedures can be applied to a larger class of models. For the general one-dimensional equation

pr—V - (pV(=A)*p+xp) = —P(t) °g(t,z, p)
with absorption g(¢,x, p) > 0, formally we have

d

T HP@)oarn] < —Ilp(t)] — P(t)_‘;/(—A)_S(p(t) = pu)9(t,x, p) da

< —2H[p(t)|par)] + P(O) ([ (=) (p(t) = pascey) ||| (=2) g (t, -, p) |,
Similarly, for the equation

50

pe= V- (pV(=A)p+ap) = —Pt)" 5

(p'2h(t, ,p)),
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with general convection p'/2h(t,z, p) we obtain

%H[p(t)!pMo] < ~Ip()] + PE)||n(t, - p) || LIp(D)]/2.
As long as the solution p, the absorption g or the convection pl/ 2h satisfy appropriate bounds, the
exponential convergence of the relative entropy can also be established.

In addition to the above generalisations with other absorption or convection terms, many related
problems are still widely open. The convergence results presented here can not be extended into higher
dimensions, precisely because the entropy-entropy dissipation inequality is only proved in one dimen-
sion. Therefore, the clarification of this critical inequality in higher dimensions will shed lights on the
behaviours of solutions to other associated equations. In the parameter regimes we considered in this
paper, the absorption or convection eventually becomes exponentially small in the transformed equation
with the similarity variables. In the other parameter regimes, the strength of the absorption or the con-
vection becomes comparable to the nonlocal diffusion, usually leading to new nontrivial equations whose
quantitative properties are much more difficult to study.
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