Exponential Convergence Towards Stationary States
for the 1D Porous Medium Equation
with Fractional Pressure
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Abstract

We analyse the asymptotic behaviour of solutions to the one dimensional fractional version of
the porous medium equation introduced by Caffarelli and Vézquez [13, 14], where the pressure is
obtained as a Riesz potential associated to the density. We take advantage of the displacement
convexity of the Riesz potential in one dimension to show a functional inequality involving the
entropy, entropy dissipation, and the Euclidean transport distance. An argument by approxi-
mation shows that this functional inequality is enough to deduce the exponential convergence
of solutions in self-similar variables to the unique steady states.
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1 Introduction

In this work, we analyse the long-time asymptotics of the nonlinear nonlocal equation
pr =V - (p(V(=A)"*p+ \z)), A>0, zeR, (1.1)

obtained from the fractional version of the porous medium equation introduced by Caffarelli and
Vazquez [13, 14]

ur =V - (uVp), p=(-A)"%u, (1.2)
by passing to self-similar variables. Indeed, by adding the Fokker-Planck confining term V - (zu),

solutions to (1.1) will characterize the long-time asymptotic behaviour of solutions to (1.2). This
connection will be further explained below.
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The fractional porous medium equation (1.2) can be viewed as a continuity equation, u, +
V- (uV) = 0, for a density or concentration u(7,y) with velocity V. = —Vp, where the velocity
potential or pressure p is related to u by the inverse of a fractional Laplacian operator p = (—A)~*u,
0 < s < 1. The standard porous medium equation is recovered for s = 0. We assume that the
unknown u(7,y), representing a density or concentration, is defined for y € R? and 7 > 0 and
supply initial data u(y,0) = ug(y), a nonnegative mass distribution in L'(R?) N L>(RY). We also
point out that the pressure can be represented as

p=(—A)"u=Wxu,
with the singular convolution kernel

$272T(d/2 — s)
7211 +s)

W(y) = Cd,s|y|2s_d7 Cd,s = (1'3)
and 0 < s < min(1,d/2), called the Riesz potential of u as in the standard textbooks [27,
37].  This representation also makes sense for s = d/2 with the logarithm kernel W(y) =
—21=dr=4/21(d/2) " log |y| (see [15, 28] in one dimension) and for 1/2 < s < 1 in one dimen-
sion with the negative coefficient ¢; s and the positive exponent 2s — 1 in W(y). As a result, the
potential W does not necessarily decay to zero at infinity in the last two cases, but the mag-
nitude of the gradient VW does. When the kernel W (y) is replaced by a less singular radially
symmetric function, the same equation appeared in granular flow [6, 39, 29, 17] and biological
swarming [32, 8, 7].

To describe the long time behaviour of solutions to (1.2), it is more convenient to study the
corresponding transformed equation (1.1) as discussed in [20, 14], by defining

p(t,z) := (1 +7)%(T,y), (1.4)

with the similarity variables = y(1 + 7)7% and ¢ = log(1 + 7). The exponents a and 3 can be
determined from dimensional analysis and the mass conservation [5], which are given by

a=d/(d+2—-2s), B=1/(d+2—2s). (1.5)

In this way, the rescaled density p(t,z) satisfies (1.1) with A = 8 = 1/(d + 2 — 2s). We will keep
A > 0 arbitrary in (1.1) as a parameter to characterize the convexity of the energy defined below
and the convergence rate to the steady state later on. As a result, the long time behaviour of the
original density u(7,y) is completely specified if we establish the convergence of p(¢, z) to the steady
state poo(x) of (1.1) with A = 5.

The existence and uniqueness of the steady state po, of (1.1) for each given mass was initially
characterized by an obstacle problem in [14], and then the explicit expression of p, was obtained
by Biler, Imbert and Karch [9, 10], for even more general nonlinear dependence of the pressure
p=(=A)"u™"! m > 1. In case m = 2 of our interest here, the self-similar solution of (1.2) is
given by

u(7_7 y) _ (1 + T)—d/(d+2—2s)poo (y(l + 7_)—1/(d-&-2—2s))7

with the self-similar profile )
poo(®) = Kas(R* — |z*)

and the prefactor

P 225710(d/2 + 1)
b T PR = s)(d/2+1—s)
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The radius of the support R is determined by the total conserved mass M, that is,

2257rd/2F(d/2 + 1A Ri+2-2s
d+2—29)(d/2+1—s)? '

M = u(T,y)dy = ( (1.6)

R4
After these preliminary discussion, we concentrate on the convergence of p(t, x) to the steady state
Poo() in the rest of the paper.

Let us point out that the fractional porous medium equation (1.1) can be viewed as a particular
case of the aggregation equation [17, 8, 4] written as

pr =V (p(VWxp+VV)), xeR?, (1.7)

where V(z) = %|x\2 and W (x) = cqq|2[>* %, 0 < s < 1.

During the past fifteen years, several important techniques [34, 20, 23, 17, 40, 1] have been
developed for the convergence of linear or nonlinear Fokker-Planck equations to their steady states
with sharp rate. These techniques can also be employed to prove the convergence of solutions
of (1.1) to pso, by realizing that the free energy £(p) defined as

&0 = 5 [ A=A 0la) + Nl }o(e) do (18)

2
= Cd’s/ / 7/)(1:)[)(%) dydx—i—A/ ﬂp(a:) dz,
2 Jra Jpa |z —y|im2 Rd 2

is a Lyapunov functional for 0 < s < min(1,d/2). One can similarly define the Lyapunov functional
for 1/2 < s < 1 in one dimension, assuming that p satisfies a growth condition at infinity, namely
plog|z| € LY(R) if s = 1/2 and p|z|>*~1 € LY(R) if 1/2 < s < 1. In fact, (1.1) is a gradient flow
of the free energy functional (1.8) with respect to the Euclidean transport distance in the metric
space of probability measures [1, 18].

The basic properties of the energy £(p) and its dissipation Z(p) defined below, together with
the long-time asymptotics of solutions to (1.1), are already derived in [14]. More precisely, along
the evolution governed by (1.1), one can obtain the formal relation d€(p)/dt = —Z(p), where we
denote by Z(p) the entropy production or entropy dissipation of £ given by

. o€ oA
T(o)= [ pIVEds, with €=5 = (~A)*p+ el

op
Using this relation, the solution of (1.1) is shown to converge towards po in [14], but no rate is
obtained. To be more precise, they show that solutions of the fractional porous medium equa-
tion (1.1) satisfy the energy inequality €(p(t,-)) + fJI(p(T, ))dr < E(p(0,-)) that is enough to
conclude the converge of p(t,z) to the steady state poo ().

In this work, we will focus on obtaining the sharp convergence rate for the solutions of the
Cauchy problem for (1.1) towards the equilibrium p, for all 0 < s < 1 in one dimension, although
many of the calculations are presented in general dimensions. In the particular case of s = 1/2
in one dimension, the kernel is given by the logarithmic potential and it was treated in [15],
see also [28] for related functional inequalities. In fact, it is shown in [15] that the energy &(p)
is displacement convex, which can not be derived directly from the criteria given in the seminar
paper by McCann [31]. We will take advantage of these techniques in [15] to prove certain functional
inequalities, in particular the HWI inequalities as introduced in [35] (also obtained in [28] for the



logarithmic case s = 1/2). This displacement convexity and related inequalities are then used to
show the convergence towards equilibrium in one dimension, through the exponential decay of the
transport distances and the relative energy, for general s € (0,1).

Finally, we point out that the problem of sharp convergence rates in several space dimensions is
still open. Moreover, it could be interesting to prove or disprove analogous functional inequalities
involving nonlocal operators in several space dimensions corresponding to the ones established here
in one dimension; see more comments at the end of Section 2. New techniques or inequalities have
to be developed. Showing asymptotic convergence when the confining term V - (Azp) is replace by
the general drift V - (pVV) is another interesting problem, see [22, 17].

The organization of this work is as follows. We first remind the reader in Section 2 about the
basics of the entropy/entropy dissipation method, together with the main functional inequality
that we will prove in one dimension. In fact, we follow closely the strategy developed for nonlinear
diffusion equations in [3, 2, 20, 23, 16, 17] to reduce to the proof of a Log-Sobolev type inequality.
This inequality is then proved in Section 3 as a consequence of the HWI inequality which crucially
uses the displacement convexity. Finally, Section 4 is devoted to obtain the rate of convergence
towards equilibrium of the solutions to (1.1) by an approximation method using the construction
of solutions in [13].

2 Entropy dissipation method

In this section, we first show some formal computations using the Bakry-Emery strategy [3] demon-
strating that the relative entropy €(p|ps) := E(p) — E(pso) decays to zero exponentially fast in
one dimension, by taking the second order time derivative of £(p|ps) along the evolution equa-
tion (1.1). We will then discuss the strategy we use to render this computation rigorous in the
following sections.

Before starting the computations on the dissipation of the free energy, let us discuss a bit more
on the equilibrium solution ps. It was recently proved in [22, Theorem 1.2] that £ restricted to
P(R?) is strictly convex in the classic sense for 0 < s < min(1,d/2), and it has a unique compactly
supported minimizer p,, characterized by

2

(=) poo() + >\|x2| =C,, Y esupp(ps) (2.1a)
2

(=A) P poo() + )\’a;' >C,, ac R% (2.1b)

for some constant C, determined by the total mass. This formulation is equivalent to the obstacle
problem in [14], for the rescaled pressure P = (—A)~®p and the quadratic obstacle ®(z) = C, —
%|x\2 Using the following relation (see [9, 10])

—2s -5 -5 —2s
(~8) (8~ ae =TT SO (A2

— — < .
2Ky, < 23R || > ,  forall |[z| <R, (2.2)

it is easy to verify that poo = K4 5(R?—|7|?)1"® is indeed the minimizer for £ for 0 < s < min(1,d/2).
Similar computations can be done in the range 1/2 < s < 1, see [15, 4] for instance.



Now, we can consider the difference £(plps) := E(p) — E(po) as a measure of convergence
towards equilibrium. We first rewrite the equation (1.1) as

pt =V - (pVE) with & := (—A)"%p+ Az|?/2. (2.3)

Assuming that p (and thus &) is smooth enough, taking the time derivative of the entropy dissipation
rate Z(p) along the evolution equation, we obtain

G20 = [mlvep+2 [ pve-ve
= [V (veIver +2 [ 596V [(-2) (V- (7).

Using the fact D2¢ = D?(—A)~*p+ A for the Hessian matrix of &, the first term on the right hand
side above can be written as

[V oVOIVER =<2 [ oD Ve Ve = -2x(p) ~ 2 [ p(DP(-2) - VE,VE)

Therefore, dZ(p)/dt = —2)\I(p) — 2R(p) with

R(p) = / p(DX(—A)*p - VE,VE) - / PVE-V](~A)(V - (p7E))]. (2.4)

The entropy-entropy dissipation method can be summarized as follows: if R(p) > 0 for the so-
lution p, then from the conditions d€(p)/dt = —Z(p) and dZ(p)/dt < —2XZ(p), we can conclude
that Z(p)(t) < Z(p)(0)e=?M and E(p)(t) — E(poo) < (E(p)(0) — E(poo))e™?M, or the exponential
convergence of both Z(p)(t) and £(p)(t) — E(pso) towards zero.

When s = 0, the equation (1.1) reduces to the standard porous medium equation with quadratic
nonlinearity. In this special case, the non-negativity of R(p) was established in [20] using several
integration by parts, leading to (with & = p + Ax|?/2)

1

Rip) =5 [ PLA¢7 + D3] = 0.

Here ||A||p = \/tr(AT A) is the Frobenius norm of the matrix A. Consequently, by deducing various
decay on the norms of p(,-) — poo(+), the solution p converges to its steady state exponentially fast.

However, in the case s € (0,1) considered here, it is not immediately clear whether R(p)
given in (2.4) above is nonnegative or not. To simplify R(p), we need more explicit expressions
of D*(—A)~*p and V[(—A)~*(V - (pV§))], or the second order derivatives of the Riesz potential
of p and pV¢ respectively. Since these derivatives can not be applied to the corresponding kernel
W (z) = cqs|z|?*~9 directly, we have to invoke the following technical lemma.

Lemma 2.1. If p is a smooth function on R%, then the components of the Hessian matriz of the
Riesz potential (—A)™®p are given by

Dij(—A)*pl(x) = Oy5(~A)*p(x) = —c] , / Kij(z — 1) (p(z) — ply))dy, (2.5)

where K;j(x) = |z[**727%((d 4 2 — 2s)z2;/|z|* — 6;5) and czs = (d—2s)cqs.



This lemma is proved by interpreting D;;(—A)™*p as a distributional derivative, and the details
are given in Appendix A. Using the singular integral representation (2.5), we obtain

Z / £)05E () Dig () *pl(x) — pl)OiE () D () [p0y) () } e

= —C+ T)O;c\ T i\ L —
= dZ/R/Rp( 0.6 K )
01€(2) (p(x) — p(y) — )5E() + p(y)0sE() fdy

> /. /R d () K — ) {0y6(0) — 0,6(0) } e

ot
- 2/ / p(2)p(y)(VE(x) = VE(), K(z — y) (VE(x) — VE(y)) )dyda, (2.6)
Rd JRd

where K(z) is a matrix with entries K;;(x) and the integrand is symmetrized in the last step.

Remark 2.2. Similar expressions already appear in the context of non-local equations for granular
flow or biological swarms, when the interaction kernel is smoother. In fact, if p is a smooth solution
of py = V- (pVW x p) with a smooth kernel W such that the Hessian D?W is locally integrable,
then the time derivative of the interaction energy 1 [[ W (z —y)p(z)p(y)dydz is — [ p|VE|*dx with
& =W x p. The second order time derivative of the energy is

- [ mivetds =2 [ e Vs
R4 R4

which is exactly

L, [ o) {(D*W(e = )(Ve(e) - Vew). Vela) - Velo) )y da
by applying appropriate integration by parts.

In one dimension, K(x) = (2 —2s)|z|?*73 is a positive scalar and R(p) > 0 for any non-negative
density p, leading to the desired exponential convergence. However, in higher dimensions, the
matrix K(x) can be written as

K(z) = |x\25*2*d((d +2-2s)z@ax/|z]* - 1),

which has one positive eigenvalue A\; = (d + 1 — 2s)|z|?*~%2 and d — 1 negative eigenvalues \; =
—|x|?74=2j = 2,...  d. Therefore, it is not known from (2.6) whether R(p) is positive or not. To
summarize, we can conclude that both the relative entropy £(p) —€(poo) and the entropy dissipation
rate Z(p) converge formally to zero exponentially fast only in one dimension.

The above approach for the exponential decay in one dimension can be proved rigorously, by
establishing the results for mollified solutions to the regularized equation (with linear diffusion for
example). One of the main difficulties in our case lies in the definition and continuity of the entropy
dissipation Z(p). The set of functions for which Z is finite is difficult to handle. Therefore, passing to
the limit the exponential decay of the entropy dissipation using density argument is a complicated
task in our case. Alternatively, we prove the same results in Section 3 for smooth solutions, and then
pass to the limit in Section 4. Before going to that, we point out that the exponential convergence
is in fact intimately connected with certain inequalities in the next subsection.



2.1 Sobolev inequalities with fractional Laplacian

If R(p) > 0, from the limits Z(p(t)) — 0 and E(p(t)) — E(pos) — 0 as t goes to infinity and the
inequality

iI(p) < —2X\I(p) = —2A£(5(p) —E(peo))

dt dt
we can integrate in time to get
1
E(p) = E(p) < 57 Z(p)- (2.7)

On the other hand, by assuming (2.7) above, we can also prove the exponential convergence of
E(p) — E(pxo) to zero with exponential rate —2\ (but not necessarily the exponential convergence
of Z(p)), by integrating

L (E(0) ~ Epn)) = ~T(p) < ~2A(E() ~ Elpc)

in time. The inequality (2.7) is usually called, in the context of optimal transport, Log-Sobolev
inequality in the linear diffusion case or generalized Log-Sobolev inequalities otherwise. We will
revisit (2.7) in the next section by investigating the displacement convexity of the energy &(p).
In particular, it becomes the logarithmic Sobolev inequality [26] for linear Fokker-Planck equa-
tion [2, 19, 38], and a special family of Gagliardo-Nirenberg inequalities for nonlinear Fokker-Planck
equations with porous medium type diffusion [23, 20, 16].

Following a similar approach as Del Pino and Bolbeault [23], expanding both sides of (2.7), we
obtain the equivalent inequality

A [ @) -8) stz =2 [ plaa 9(-8)pta)de]
<) + [ p@IVA) " plo) o

The second term on the left-hand side can be simplified using the definition of (—A)™®p as the

Riesz integral
1

[ d ,
Lo — g p(y)dy

(—A)~p(x) = ca /R
and consequently
2 /R Pl V(=A) S pla)ds = 2(d — 25)eqs /R d /R Py (e =yl — P 2dyde
= (@=2)cas [ | [ olelotule — o dyda
= (a=25) [ pla)(=A)"pla)de

Therefore, the inequality (2.7) becomes

/\(d+1—2s)/

[ p(a) (=) pla)de < 208 + / )V (—A)p(x)Pdr. (2.8

Rd



To get a self-consistent inequality, we have to write £(poo) in terms of some functionals of p, which
is established through the total conserved mass, M = [p = [ poo. Using the explicit expression
for peo(z) = Kgs(R? — |2|?)17%, the identity (2.2) implies that

_ A d o, A
~A)~® == -z < R.
(~A)*pole) = 5B = Slaf* . for|a| <R
Therefore, we conclude that
1 —s 2 7)‘Kd,s 2 2\1—s d 2 2
&) = 5 [, o) (=8 pcl) + Nl o = 2582 [ (B = o) ( 55 B 4 ol ) o
d+4—2s

AKq dﬂ'd/Q(d +2-25)['(2—s) d+4— = d+2—2s
= 5S R +4—2s — K s / d
4 (d—25)0(dj2+3—5) . ( | Pz ,

where (1.6) is used in the last step, together with the constant

~ d(d+2— 25)(d+4—28)/(d+2—28)/\(d—25)/(d+2_25)
b5 (d— 28)(d + 4 — 25)20d+2-9)/(d+2-25) d/(d-2-25)

Therefore, (2.7) is reduced to an inequality bounding the integral [ p(—A)~*pdx by [ pdx and
[ pIV(=A)~%p|? dx, that is,

d+4—2s

plo)(-8)pa)de < 20K ([ arae) ™ 4 [ p@)9-2) gt

)\(d+1—25)/

Rd

where the equality holds for the steady state po,. In general, it is easier to prove the equivalent
inequality in the “product form”

/Rd p(=A) Ppdx < C </Rd pd:v) o </Rd p!V(—A)Sp|2dx>9, (2.9)

where 0 = 5 di_22f48 is determined by the homogeneity and C is given by any function p(z) =

A(R? — |z — 20|?)17® (which is independent of A, R and o).

However, unlike the case of porous medium equation [23], we can not prove (2.9) to establish the
log-Sobolev inequality (2.7). The main difficulty lies in the integral [ p|V(—A)"*p[?, where basic
questions like monotonicity under symmetric decreasing rearrangement are not clear. Because of
the equivalence between (2.7) and (2.9), we will show that (2.9) holds in one dimension and it is a
consequence of the HWT inequalities, but it remains an open problem to prove or disprove (2.9) in
higher dimensions.

To summarize, provided the required regularity of the solutions in the formal calculation in
manipulating R(p), the exponential convergence of solutions to (1.1) is expected only in one di-
mension, which the equivalent inequality (2.9) can not be proved at this moment. The convergence
in one dimension will be established more rigorously in the next two sections, by showing an even
more general HWI inequality related the displacement convexity of the energy.

3 Transport inequalities

In this section, we derive several inequalities originated from optimal transportation theory that
will be used in the next section to show the exponential convergence of the relative entropy in one



dimension. Besides £(p) and Z(p) introduced earlier, we also need the following versions of the
energy and energy dissipation of a measure p € Pa 4c(R):

E(p) :==E(p) +€/Rp10gp,

T (p) := /R |02 (=022) " *p(x) + Az + 0, log p(a:)‘2 dp(x),

which are associated to the regularized equation (4.2) in the next section. Throughout this and
the next sections we shall commit an abuse of notation and identify every absolutely continuous
measure with its density. So we shall write dp(x) and p(x)dx meaning the same thing.

We use optimal transport techniques to prove the Log-Sobolev, the Talagrand, and the HWI
inequalities for the energy & for smooth probability measures p € Pa 4.(R). We shall focus on the
so called HWI inequality that generalizes certain elementary inequalities for convex functions on
R? with Euclidean distance replaced by the Wasserstein distance on P2(R) (the space of probability
measures with finite second moment). The Wasserstein distance on P2(R) is defined for any p1, p2 €
P2(R) by

2
W2<p1,p2>:=( wt |x—y|2d7r<a:,y>) ,
RxR

m€ll(p1,p2)

where II(p1, p2) be the set of all nonnegative Radon measures on R x R with marginals (projec-
tions) p1 and pa. The HWI inequality is called so because it was first established in [35] for the
relative Kullback information (denoted by H), the Wasserstein distance Ws and the relative Fisher
information (also denoted by I).

Before stating the main results, let us briefly review a few facts about the Wasserstein distance
and the weak convergence in P2(R) that shall be used in the proofs.

e We say that the a sequence (pn)nen C P2(R) weakly converges to p € P(R) (denoted as
pn = p), if
tin [ o(a) dpa(z) = [ (o) dp(a)

n—oo
for all ¢ € Cp(R), the space of bounded and continuous functions.

e The pair (P2(R), Wa) is a complete metric space and the convergence under the distance Ws
is stronger than the convergence in the weak sense. In fact, the following facts are equivalent
for any (pp)neny € P2(R) and p € P(R):

i) Wa(pn,p) — 0 as n — 4o0;
i) p, — p and
lim [ 22 dpp(z) = /x2 dp(z); (3.1)

n—oo

iii) pn, — p and
lim lim sup/ x* dpy(z) = 0.
|z[>R

R—00 pn—oo

e Given py, p2 € Pa(R) with p; absolutely continuous with respect to the Lebesgue measure,
there exists a Borel map 6 : R — R such that 0#p; = po, i.e.,

/ o(x) dpa(z) = / ©(0(x)) dp1(z), for every bounded Borel function ¢,
R R

9



and 6 also satisfies .
3

Walpr.p2) = ([ o =00 dmr(o)

It is well known that the optimal map € is nondecreasing on R and increasing on supp(p1).

For a detailed proof of the above results and generalizations, the reader may check the standard
references [1] and [40]. Now, let us begin with the following technical lemma about the gradient of
the Riesz potential in general dimension d.

Lemma 3.1. Let 0 < s < 1 and p € LY(RY) N L2(RY) N CY(R?) with a > max(1 — 2s,0). Then
(—A)~*p € CY(R?) and for any = € R?,

V(=)o) = —ean(d=25) [ ol (o)~ @) dy . 5 (0.1/2

or

V(=2)p(x) = —cas(d - 25) /R Wy s € (1/2,1)

Proof. For s =1 and d > 2 this result is in [25, Lemma 4.1] for the Newtonian potential, and one
only needs p € L>(R%) N L' (R?) in order to have (—A)~!p € C1(R?) with

V(=A)p(z) = —cqn(d —2) /Rd |;__;/|dp(y) dy.

So let us assume that s € (0,1/2] if d > 2 and s € (0,1/2) if d = 1. To simplify the notation, we
write kg s(z) == cd7s|x|25_d. Hence, we note that under the hypothesis on p, we have that

(z —y)
ug () = —cqs(d — 2s) /Rd 7= y[dre s (P(y) - P($)> dy = Vkas* (p— p())
is well defined for all 2 € R<.

Now, let n € C1(R%) be a radial function such that 0 < n < 1, n(z) = 0 if |z| < 1, n(x) = 1 if
|z| > 2 and |Vn| < 2. Define n.(z) := n(¢~'z) and

p() == (~A)p(x) = ks * p(x)
p5(33> = (kd,sns) * p(.%')

Since p is bounded, we have that p — p. uniformly on R¢ as

Ip(z) — pe(2)] < / kas(x—y)(1—ne(x —y))py) dy

|lx—y|<2e

1
<ol / Ly = Clpllee®
e lyl<2e Y772 =

for all z € R?, where C depends on d and s.

By the smoothness of kg sn. we know that p. € C! and Vpe(z) = V(kgsn:) * p(x), and since
kq sne is radial, we can write

Voela) = | Vlkwan)@ =) (plo) = pla) dy.

10



Therefore,

[uas(2) = Vpe(2)| = ‘ /| _,, Ve =n) (e =) (o) = pla) dy
T—y|<2€

s /| (19kas (@ = I = ne(e = )|+ kas(w = ) Vi@ = )] ) o) = p(a)| dy

Cds(d—Qs) 2 Cd.s >‘ ‘
S 7 z ’ - d 3.2
/Iz—y<2e <|$ — y|d+1=2s HPTErE p(y) — p(z)| dy (3.2)

<C ( 1 ) "
oyl<2e \|@ —y|dH1=25—0 T g g — yld-25—a

< Cl6a+28_1,

where the constant C; only depends on d, s, @ and on the Holder constant of p. Thus, we also
have that Vp. converges uniformly to ug, as € — 0, and therefore Vp = ug ,.

Now, if s € (1/2,1) and d > 2 or s € (1/2,1] and d = 1, we only need to adapt the argument
in formula (3.2) for the function

T —y
s = —cqs(d—2 _ dy = Vkgs
ugs () Cd,s( s) /Rd z _y|d+2_25p(y) y = Vkys*p

and using that Vp, = V (kg sn:) * p in the following way

1 1 1
ugs(xz) — Vpe(z)| =C / < — + = - > dy
[ugs(z) =(z)| Il oy<2e \ |z — y[dH1=2 T g |p — yld=2s

— 02628_1,

where the constant Cs only depends on d, s and on the L norm of p.
Finally, if d = 1 and s = 1/2 we have that

1

(~0u2) o) = =y [ oglo = slo) dy

and ( )
T —y
@) =y [ (o) = ple) d
Arguing as above for k; 1 (z) == —cy, 1 log || we arrive at the following estimates:
() = o) < ol [ Jtogydy = Clllce(| 108 2¢] + 1)
ly[<2e
and

.1 (2) ~ ()| < © (ot + 1ol — ol ) |p) — o)

lz—y|<2e |:‘C - y|
1 1
<C (s + —lo — 9l log |z — 1] ) dy
|z—y|<2e |:E - y| €

< CsO‘(l +e +5| log25}).

Therefore, since all these estimates are uniform in x, we conclude that the lemma is true for all
s€ (0,1] and d > 1. O
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Remark 3.2. With this expression for the derivative of (—A)~%p for s < 1, we obtain the following
equality that shall be used in the next proposition:

V(=A)"p(z) . T—y
Cd’s(25 — d) r—0 |337y\>r |$ . y|d+2—2s ( ) ( )
: r—y . T —y
= lim, T PW) dy — lim p(z) / ——dy
720 Jjz—y|>r |z — y|d+2_2s r—0 |z—y|>r |z — y|d+2_2s
. x—y
= lim 5 P(Y) dy,
r—0 |z—y|>r |x — y|d+2—2s

where we only used the fact that ks is radial and Vk; is integrable at the infinity. For s > %, the
expression is valid without taking the limit, as the kernel is locally integrable.

The next proposition shows that the HWI inequality holds for £ and &; at least for a class
of bounded and Hélder continuous functions on R. The proof follows the arguments given in [28]
where the same inequality is proved for the case of the logarithmic interaction and strongly relies on
the fact that the optimal transport map w.r.t the Wasserstein distance is a monotone nondecreasing
function on R. We point out that the convexity of the confinement due to the drift measured by
A > 0 appears explicitly in the inequalities as in [17].

Theorem 3.3. Let s € (0,1], A € R, p € LY(R) N L®(R) N C%(R) nonnegative where a >
max(1 — 25,0) and with [ p=1, and poo the minimum point of € on P*(R). Then

£(p) — E(pne) < VIDIWalp, poe) — 513 (0. ).

Proof. For s = 1/2 this result was proven at [28]. So, let us suppose that s € (0,1/2) and, to
simplify, let us denote Kp(z) = 05(—0zz) *p(z). Since p is absolutely continuous with respect to
the Lebesgue measure, there exists an nondecreasing transport map 6 such that 0#p = pso.

Then, let us write

VZ(p)Wa(p, poc) — %WQQ(/O: poo) — E(p) + E(poo) = T1 + T + T3

1= ([ |oto) + Axfdmx))m (f1e- e<x>|2dp<w>)1/2

_ / (Ko@) +2) (@ - 0(x)) dp(x)

where

Ty = / {)\:U(:c —9(z)) — 2962 + %9(@2 - %\x - (9(:6)|2}d,0(m)

_ Cls dp(z)dply)  cus [ dp(x)dp(y) B — 2o
= 2 /]H(x)—e(y)]l—% 9 |z — y[1-25 /Kp( )(0() )dp(x) ,

where we added and subtracted several terms. This allows us to show that 77 > 0 by the Cauchy-
Schwarz inequality and T = 0 for all A € R. Now, for T3 let us call ks(z) = c1 5|z|?*~!. Then, by
the Remark 3.2

Kp(z) = lim ks(z — y)dp(y)

r—0 |y—$|>7’

12



And, since k.(z) = —kl(—x), we can write

[ K@) (6(a) - 2)dp(a)

= (6(x) — 2) K, (z —y)dp(y)dp(x)

= 5 lim sy 0@ 00 — 2 F k(@ = y)dply)dp(a)
Furthermore,

dp(z)dp(y) _ ..
S =g lim /|y_x|>r ks(z —y)dp(x)dp(y)
dp(z)dply) . 2 N
CLS/ 0(z) — )% — /y_WT ks(0(x) — 0(y))dp(x)dp(y)

and then,

Ty = }g%% {k:(0@) = 0w)) = kol = y) = K, (0(2) — 09)) (0(x) — 0(y) — = + y) }dp(@)dp(y)

The integrand is nonnegative by the convexity of ks on the positive real line and by the monotonicity
of 8, so T3 > 0 as well.

If s € (1/2,1], we still have ks(z) = c1,5|z[**7! convex because c; 5 is negative in this range.
Thus, the previous computations still apply. O

Remarks. 1) It is known that, if the HWI inequality holds for some A > 0, then the Log-Sobolev
inequality also holgis. Oneljust needs to maximize the right-hand side for W5 > 0 or use the Young’s
inequality for (\"2+/Z)(A2W5). Then we have that

€(p) = E(poo) < 57 Z(p); (3.3)

for all p satisfying the assumptions of the theorem above.

2) Note that in the proof of the Theorem 3.3 we did not use the fact that ps is the minimum of
&, only its regularity. In fact, the same inequality holds for any pg in the place of poo, and also with
poo in the place of p, because po, € L®(R) N C'~%(R), which allows the existence of . Therefore,
if we exchange p and p in the HWI we obtain the fractional version of the so called Talagrand
inequality or transportation cost inequality

Wa(p, poc) < J § (£00) = (o)) (3.4)

We can derive similar results for the € problems.

Proposition 3.4. Let s € (0,1], A > 0, 0 < & < \/27, p € LY(R) N L=°(R) N C*(R) nonnegative
where a > 1 — 2s and with [ p =1, and pS, the minimum point of & on Pa(R). Then

£.(0) ~ E-(5) < VIDWalp. %) — 2 W3 (0. 05)

13



Proof. The proof is basically the same, but since we have a new term inside the respective diffusion,
we shall include it for completeness.

As in the previous theorem, let Kp(z) = 0,(—0z) *p(x) and 6 be such that 0#p = pS . Then,
we decompose the inequality as

A
VI(p)Wa(p, ) — §W22(p, po) —E(p) + E(p5) =T + To + T

where

e </ o) 4+ o+ 20, log p(ar)fdp@)) " ( - e<x>|2dp<m>) v

_ / (Kp(x) + Az + 20, log p(x)) (x —0(x)) dp(x)

Ty = — /(e@ log p(z ) ) —x) dp — /()\m2+510gp) dp
+/<2x2+slogpoo —/|SE— x)Pdp(x)
S [ -

By the same arguments, we conclude that 717,73 > 0. Now, for T, let us define the following

1(flg) = [ f(a)1og <£g§) i

for all f,g € L'(R). Then we can re-write T% in the following way
_ _ p($) o o —nx? < —nx? o 2
7, = (— [ outog (L0 (60e) — 2) dota) — Hple ™) + Hpiele™) 4 [ 102) — o dp
+ (1 — 2;-6) / {—z\&:(@(:{:) —z)— %xz + %9(%‘)2 + %(9(30) — x)Q} dp(x).

Tgizc

functional

Note that the second line is equal to (A—2me) [ |6(x)—=z|? dz, which is nonnegative for e < \/27.
For the first line, we can use the proof of the HWI inequality made in [35]. Actually, Otto and
Villani showed that whenever f, fo € C2°(R) NP(R) and V € C%(R) is such that [e"dz =1 and
V" > K for some K € R, then

(il ~ #(fle) = [n10g DL 00— ) 0) o = 5 [ 1060 — 2 sa) o >0

and for the density argument given in the proof of the Theorem 9.17 of [40], we have that this
inequality holds for all f, fo € L'(R)Ps(R). So, applying this for V(z) = 722 we have that K = 27
and we conclude that 75 > 0. O]

Remark 3.5. By the same arquments given for (3.3) and (3.4), we conclude that the follow-
ing Log-Sobolev and Talagrand inequalities hold for £, as long as p satisfies the assumptions of

proposition 3.4:
1
2\

E(p) = E:(p5) < 57 Ze(p), (3.5)

14



Walo. i) <+ (E:00) - Ex(2).

Remark 3.6. These results also work for a general confinement potential V : R — R instead of

A2 2

the quadratic one 5x~, as long as V — %x 1S COnver.

Finally, let us prove the following lemma that shall be used in the last section for the convergence
in entropy of the solutions of the approximate problems. The proof uses similar arguments given
in the Theorem 1.4 of [36]. Let us just remind that a sequence {py, }neny € P(R) is said to converge
in the weak- sense to p € P(R), p, — p if

lim [ o(z)dp,(z) = /Rgo(x)dp(af) , for all ¢ € Cy(R)

n—oo R

where Cp(R) is the space of continuous functions on R that goes to zero at infinity. It is clear that
convergence in Wy implies weak convergence and weak convergence implies weak-* convergence.

Lemma 3.7. The entropy & is weak-x lower semi-continuous for all € > 0.
Proof. We know from [31] that the functional

p = /plogp

is weak-* lower semi-continuous, so we just need to show the result for £. For this, let us write it
in the following way:

&) = [ Fladpla)dn(y).

where \ )
2 4 Cl,s .
2 s - f
Fley)={ 2@ VP oy TRy
400 , ifx=y
Since F' is non-negative and smooth outside the diagonal x = y, we can find a sequence

{Filren C Co(R?) such that Fy(x,y) / F(z,y) for all (z,y) € R%2. Therefore, by the mono-
tone convergence theorem and the fact that p, x p, — p x p if p, — p, we have that

&) = [ Flo.w) dpla)dp(y) = lim [ Fulao,y) do(a)do(y)

= lim lim [ Fy(z,y) dpn(x)dpn(y) < nh_)n;()/F(:c,y) dppn(x)dpy(y)

k—00 n—00

= liminf £(py,)

4 Exponential Convergence

In Section 2, most of the calculations are performed at a formal level, assuming some strong
regularity on the solutions of (1.1) that has not been proved at the moment (see [12] for the proof
of Holder regularity). In this section, to avoid this regularity issues, we shall prove that the energy
of the solution decays exponentially fast for the regularized equation with mollified initial data,
and then passing the limit on these regularizing parameters.
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Theorem 4.1. Let pg € L*(R) N L>(R) such that
0 < polz) < Ae™?ll,

for some constants a, A > 0. Then, for each 0 < s < 1/2, the solution p(t,-) of (1.1) with initial
data po satisfies

E(p(1)) — E(poo) < e (5(,00) - 5(poo))-
Proof. In order to use the results of Section 3, firstly we shall assume that
po € C°(R) and / po(z) dx = 1. (4.1)
R

Let poo, p5, € P(R) be the minimizers for £ and & respectively. By the assumption on py we know
from the proofs of Theorems 4.1 and 4.2 in [13] that the solutions p and p° to

{ Otp = Ox(pOr(—0zz) *p+ Azp) , in R x (0,00) (4.2)
p(O) = Po , In R, '
and
{ Opf = 0p(p° 05 (—0py) °p° + Axp®) 4+ €0yzp® , in R x (0, 00) (4.3)
p*(0) = po , in R '

satisfy p € C([0,00); L'(R)) and p° € C1((0,00) x R) for all € > 0 sufficiently small. Because of
the regularization in (4.3), for fixed time ¢ > 0, p(¢,.) is in fact in C?(R). Moreover, there exist
C(t),a(t) > 0, such that
0< p(t,x), p°(t,z) < Ct)e 2@l (4.4)
Since p°(t) is smooth, we can apply the Log-Sobolev Inequality (3.5) for £ and obtain that for
all ¢ > 0,
Making use of the fact that

we conclude that

E(pF (1)) = Ex(p) < e (Exlpo) — E-(0%)). (4.5)
To take the limits as ¢ — 07, let us analyze each term on both sides of (4.5) separately:

i) The easiest one is the limit & (po), since lim+ E-(po) = E(po) holds as long as E-(pg) < oo for
e—0

some € > (0, which is true by the assumptions on py.

ii) For the term &.(pS,), let us first define the following auxiliary functional on Ps 4c(R):

H(p) == H(ple™™ /fv p+/plogp

. A .
Since [ e ™ dz =1, we can write

H(p) = / —zlo g( pﬁ) e ™ dy = / [efmz log (67’;) - ejrﬁ 1] e g,
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iii)

which is nonnegative by Jensen’s inequality.

Let us prove that limsup,_,o & (p5,) < €(poo). Using the fact that pS is the minimum for &,
we obtain the following inequality

Eo(p50) < Exlpmo) = Elpoo) + € / Po0 108 1o (4.6)

By the characterization of the minimum po in [14, 22], we know that p € P2.(R) N L>°(R),
and hence the second term on the right hand side of (4.6) is finite. Thus, we can take the
limit & — 0 and obtain that limsup,_,g+ £-(p5,) < E(poo)-

For the opposite inequality liminf, .o+ & (pS,) = €(pso), We can use the fact that p is the
minimum for £ and write

E(poo) < E(p5) = Ex(pf) — eH (o) + em / e (4.7)
<elh) +em [ ah (4.8)

So, it is sufficient to prove that the second moments of pZ are uniformly bounded for ¢ > 0
sufficiently small. For this, note that

A 1—em)A

(167T))\/ 2 - Cls/dpio(x)dpgo(y) EA ¢
< A= =)~ ) _FOON /T TTOONI -
vl + = g T H(p5)

= G0 < Elow) < Elm)+| [ ptons)

for all 0 < ¢ < 1/27. Therefore, by (4.7) and (4.8)

< 1 . B . 2 € — T 3 £ .
E(po) < h;gé?fgs(pOJ —1—61_1:%1+ 67r/a: Poo hsrgérifé’g(poo)
Hence, as € goes to zero from above, we have that the minimum of &£.(p) indeed converge to
the minimum of &(p), i.e., E(poc) = lirn+ E(pS)-

e—0

Finally, let us prove that £(p(t)) < liminf,_ g+ E(p°(t)), as a consequence of the convergence
of p*(t) to p(t) in Pa4c(R) and the lower semi-continuity of the energy &.. For this we can
use the bound (4.4) to obtain

R—00 ¢>0 R—o0

lim sup/ p°(t,z)dr < lim C(t)/ el gy = 0,
|z[>R |z|>R

which means that p®(t) is a tight family of probability measures and by Prokhorov Theorem,
there exist a sequence €, — 01 such that p* (t) — p(t), i.e.,

[ et do s [ et ds . Ve CuR) (49)
R R
Moreover, due to uniform exponential bound, we also have that
lim sup / 22pf (t,z)dr < lim C(t)/ z?e= Wl gy = 0. (4.10)
R=00 ¢, 0 J|z|>R R—o0 |z|>R
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Therefore, by item (iii) of (3.1) we have that (4.9) and (4.10) imply that p~(¢) converges to
p(t) in (P2(R), Wa). Now, for the following inequality

E(p (1) = E, (p7 (1)) — enM(p™ () + men / 2?7 (t, @) < &, (p) + men / ™ (¢, @),

and by the fact that £ is lower semi-continuous in (P2(R), W3) and the second moments of
p°(t) are uniformly bounded w.r.t n, we obtain

E(p(t)) < liIginfS(pE” (1) < lirr_l)inf Ee, (P (1)).

Putting all the limits as € goes to zero together, we can conclude the exponential convergence of
E(p(t)) - g(poo), that iS7

E(p(t)) — E(pmo) < liminf &, (7 (1)) — lim &, (p52)

n—oo n—oo

= lim inf (f,;n (P () — &, (pig))

n—oo

< e P lminf (£, (po) — £-, (%))

n—0o0

= 72 (E(p0) ~ E(pnc) )

If the regularity assumption in (4.1) is not true, we can proceed the above argument with the
mollified initial data pg s = 75*po, which has the same bound and mass as pg. Since we still have the
same exponential bounds for the respective solutions p;s(t), we can argue as above and conclude that
E(p(t)) < liminfs_0E&(ps(t)) holds for all t > 0. For t = 0 we can use the exponential bound of the
initial data and the Dominated Convergence Theorem to conclude that lims o £(ps0) = E(po). O

As a direct consequence of the Talagrand inequality in (3.4), we also obtain the exponential
decay in Wasserstein distance.

Corollary 4.2. Assume that py satisfies 0 < po(z) < Ae=*| for all z € R and some a, A > 0.
Then, for each 0 < s < 1/2, the solution of (1.1) with initial data py satisfies

Wa(p(t), poo) < e‘”\/i (5(,00) - 5(poo)).

For the Fokker-Planck equation or the classic Porous Medium Equations, exponential conver-
gence of the relative entropy £(p) — £(poo) implies convergence of p to the steady states po, in
some classical LP norms. Here we can show that the convergence in the relative entropy implies
the convergence of the norm ||(=A)~2 (p — poo)||2.

Lemma 4.3. Let po, be the unique minimizer of &, then for any p € Pa(R?),
1 _s
=272 (0 = poo) 5 < E(p) = E(poc)-

Proof. The characterization (2.1a) and (2.1b) of the global minimizer po, and the non-negativity
of p — po outside of the support of p imply that

2|

0= [ o= [ (8 et 2 0 )

18



Therefore, we deduce

E(p) — E(pc) = ;/p(—A)Sp—;/p( /Ix! p = Poo)
L A Y N ONSE / (p— poo) (—A) pec
=5 [ 0= P21 ) = 51(-8) o - pr)

O]

Since the norm ||(—A) ™2 (p — poo)||2 is in general weak, it is unlikely to produce a bound on any
stronger LP norm for the difference p — poo. One way to show the exponential convergence of p(t)
t0 poo is by assuming that a higher norm on p — pso is bounded. For example, if |[(—A)Z2 (p — pso) |2
is uniformly bounded, then we have (easy to establish in Fourier space)

lp = pool3 < (=27 (p = poo)ll2l(=2) % (p = poo) 2

and ||p — pool|2 converges to zero also exponentially fast, but with a smaller rate.

Let us prove that in fact the exponential convergence also holds in L? without any additional
hypothesis. For this we shall use the following interpolation inequality.

Theorem 4.4. Let 0 < a < 1 and 0 < s < d/2 and 0 < r < «/2. There exists a constant
C =C(d,s,a) such that
lully < CI(=A)"2ull3" [ulg? [lullf? (4.11)

for all u € LY(RY) N C*(RY) with

r _ s(d+2r) _ s(d+2a—2r)
s+r’ 7 S 2(d+a)(s+r)] U3_2(d—|—a)(s+r)'

g1 =

Proof. We ﬁrs‘_c use Fourier variables, Plancherel’s formula, and the Holder’s inequality to interpo-
late between H”(R?) and (—A)~2u € L*(R?) obtaining

iz = [ @< ([ morea)” ([ meriera) "
“icay s (| aererae) )

where 01 =7/(s+7), for all 0 < s < 1/2 and r > 0.

Our aim now is to bound H”(R%) by [u], and ||u;. We write the singular integral representation
of this norm (Proposition 3.4 of [24]) and we split it as

”UHQr / [u(€ ‘ ’f|2rd§ Cdr/ /Rd |x_y|d+2r) dzdy
(u(z) —u(y))® (u(z) —u(y))?
_Cy, /| da:dy—l—Cdr//x e

z—y|<R |.’E— |d+27"
=L+ 1.
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To estimate I;, we make use of |u(z) — u(y)| < [u]a |z — y|* to get, by the change of variables
(z,w) = (r —y,x +y), that

u(y))? —u(y)|
I = CdT// d:Edy<Cdr // dxdy
oyl<R ‘x_ T = yldrer o—y|<R |x_ |z — yld+2r—a

< Clufa [ull, / 2472 dz < Clulallul LR,
l2|<R

where the last step is allowed since 2r < a. On the other hand, we can similarly estimate the far
field term as

u(y))? : " 2
Cdr// d$dy<4Cdr/ u(x dx/ — < C||ul|sR™".
e M e = Ol

Joining the two integrals and optimizing in R, we infer
2(a—2r) 2
el < Cllally ™l [l (4.13)

We finally use the classical interpolation results between LP(RY) and C%(RY) spaces due to L. Niren-
berg in [33], see also [11] for a full statement. This interpolation inequality ensures the existence
of a constant depending on « and d such that

el < € i g/ (4.
Putting it together with (4.13), it yields

[ul|2,, < O/ @)y @20/ (da)

Finally, we plug this into (4.12) to conclude (4.11). O

Therefore, from Theorem 4.1 and Theorem 4.4, we derive the following decay towards the
stationary state under the L? norm.

Corollary 4.5. Assume that py satisfies 0 < po(x) < Ae=el for all x € R and some a, A > 0.
Then, for each 0 < s < 1/2, the solution of (1.1) with initial data py satisfies

[0(t) = psolly < C (14 [poca)® (E(po) = E(ps)) F €71

Proof. Given pg under the conditions above, we know from Theorem 5.1 of [12] that there exists an
a € (0,1) such that the solution p of (1.1) satisfies p(t) € C*(R) for all ¢ > 0 with a uniform bound
in time. Since po is (1 — s)-Holder continuous, we can use inequality (4.11) for u = p(t) — poo and
0 <7< 2min(a, 1 — s) to conclude. O

Let us point out that the decay of the entropy in Theorem 4.1 implies a uniform in time control
of the second moment of the solutions trivially at least for 0 < s < 1/2. Otherwise, one has to

work a bit due to the sign of the constant in the fractional operator. In any case, a uniform in time
control of the second moments together with the L?-decay rates implies L'-decay rates of the form

o) = polh < [ lotta) = ploldo [ ,) — ot
< (B 10(0) = pclly 4 7 [ 1o (o(0.0) + st

< C(E(po) + E(ps)) ™ T 1(t) — poclly’ Y, (4.14)
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d+4 o Lo
* ); see a similar calculation in [21, Lemma

. 2
by choosing R ~ ((€(p0) + E(puo))/ l1p(t) = pocly )/
2.24] for instance. In one dimension, using Corollary 4.5, we obtain the decay rate e~ 1Aa1t/5 for

lp(2) = pooll;-

We finally remark that the decay in LP-norms obtained via Corollary 4.5 and (4.14) are trans-
lated through the change of variables (1.4)-(1.5) into algebraic decay rates toward self-similar
solutions of the original fractional porous medium equation (1.2).

A Distribution Derivatives of Riesz potential

In the discussion of the entropy dissipation methods in Section 2, the explicit expression of the
Hessian matrix D;j(—A)®p is needed to simplify the terms in R(p). Since the Riesz potential
(—A)™* is a singular integral, these second order derivatives can not be applied to the kernel (1.3)
directly, but can be derived from several equivalent approaches. Below, we interpret D;;j(—A)™%p
as distributional derivatives, and obtain the expressions using the definition in a similar way as
representing the velocity gradient using vorticity in fluid mechanics [30].

For any test function ¢ € C°°(R?), the distributional derivative D;;(—A)~%p is defined as

—s —s 0?
<Dij(_A) P ¢> = <(—A) P Dz’j¢> =Cds /Rd /Rd E _p(yy‘z_% 81:%2 dydzx.

Next, we use integration by parts to shift the derivatives from the test function ¢ to the singular
integral (—A)™%p, by writing the above expression as a limit outside a ball. More precisely,

1 P¢(x)
(o) [T — Y472 OO,

((=A)"°p,Dyj¢) = lim cq s /]Rd p(y) [/B

e—0t

= lim (d —2s)cq s /Rd p(y) [/B Ti i 8¢<m)dx] dy,

2-2 :
=0t (oe)e [T —y|4t2728 O

dx] dy

where B(y, €)¢ is the complement of the ball B(y,¢) = {x € R? | |z —y| < ¢} and the integration on
the boundary 0B(y, €) vanishes in the limit. Integrating by parts again, we obtain (the unit outer
normal at z € B(y,€)¢is —(z —y)/|x — y|)

e—0t

o e _ (i — yi)(x; — y;)
lim ¢}, /R o) [ /B o Kl = v)o()da /8 R P ¢<x>dsx] dy, (A.1)

where c;{s = (d —2s)cq,s and

1 0?

— |I|28_d _ 1
d — 2s 0x;0x;

ZEil‘j

Since for any x € dB(y,€), ¢(x) = ¢(y) + (x — y) - Vo(y) + O(|z — y|?), we can replace ¢(x) by
¢(y) in the boundary integral in (A.1), i.e.,

(zi — yi) (x5 — yj5) 6(2)dS, = ¢(y) lim (zi — yi) (@ — yj5) s

lim .
|z — gyl 0+ Jop(ye |-yt

=07 JaB(y.e)
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It is easy to see that for j # 1,

(zi —vi) (@ — y5) /
ds, = Kij(x —y)dz =0,
~/('?B(y,e) ’x - y|d+3_25 B(y,e)¢ !

and for j =1,

T Yi T — Y Sd*l
[ e s = [ Kate—yde = Sl
0B(ye) 1T Yl Bly.c)e d

where [S?!| is the area of the unit sphere S~ ! = {z € R? | |2| = 1}.

Therefore, the distributional derivative (D;;(—A) *p, ¢) written as the limit (A.1) can be sim-
plified as

e—0t

(Dy(=8)*p.6) = lim cf, [ o0 [ L, K=oy =) [ ke —y)dy] Iy

Rd
— e, [  Kila =) (p)o(e) = plw)olw) dyd

e—0t

= — lim cf, /Rd o() [/B@,q Kij(x —y)(o(x) - ¢>(y))dy] dx.

e—0Tt

This implies the following singular integral represent of the Hessian matrix of (—A)™*p:
Dy(=8)"*pta) = ~cf, | Kila = 9)(ola) = pla)d:

In particular, we can write the fractional Laplacian (—A)'=%p as

d
(—A)'"p(x) = = Di(-A)*plx) =], /Rd Kij(z —y)(p(x) — p(y))dy
=1

— ot / p(x) — p(y)

0 Jpa |yl

recovering its standard singular integral representation [27, 37].
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