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Abstract

We investigate the long time behavior of the critical mass Patlak-Keller-Segel equation. This equation has a
one parameter family of steady-state solutions gx, A > 0, with thick tails whose second moment is not bounded.
We show that these steady state solutions are stable, and find basins of attraction for them using an entropy
functional H, coming from the critical fast diffusion equation in R%. We construct solutions of Patlak-Keller-
Segel equation satisfying an entropy-entropy dissipation inequality for H,. While the entropy dissipation for
H is strictly positive, it turns out to be a difference of two terms, neither of which need to be small when the
dissipation is small. We introduce a strategy of controlled concentration to deal with this issue, and then use the
regularity obtained from the entropy-entropy dissipation inequality to prove the existence of basins of attraction
for each stationary state composed by certain initial data converging towards ox. In the present paper, we do
not provide any estimate of the rate of convergence, but we discuss how this would result from a stability result
for a certain sharp Gagliardo-Nirenberg-Sobolev inequality.

Mathematics subject classification numbers: 15A45, 49M20

1 Introduction

1.1 The PKS system and its critical mass

The Patlak-Keller-Segel system [39, 27] is one of the simplest models of chemotazis, describing the evolution of the
population density of a cell colony which is diffusing across a two dimensional surface. In addition to the diffusion,
as the cells move across the surface, they continually emit a chemical attractant, which itself diffuses across the
surface. The cells tend to move towards higher concentrations of the attractant, and this induces a drift term
tending to concentrate the population, and countering the spreading effects of the diffusion. A model organism for
this type of behavior is the Dictyostelium Discoideum which segregates cyclic adenosine monophosphate, another
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important example of chemotactic movement are endothelial cells who react to VEGF to form blood vessels. See
[24, 40] for recent reviews on chemotaxis models.

The model is mathematically interesting on account of this competition between the concentrating effects of the
drift induced by the chemical attractant and the spreading effects of the diffusion, and there is a critical value to the
total mass of the initial data, so that for masses above this value, the concentration wins, and the density collapses
in a finite time. However, for masses below this critical mass, diffusion dominates, and the colony smoothly diffuses
off to infinity. At the critical mass, there is a continuous family of stationary solutions, and this paper is concerned
with determining their stability properties, and since they all turn out to be stable, basins of attraction for each
of them. We begin by introducing the model and the critical mass associated with it. If p denotes the population
density, and ¢ the concentration of the chemical attractant, the system of equations is

%(ﬁ,x) = div [Vp(t,z) — p(t, z)Ve(t, z)] t>0, zeR?,
1
27T R2

p(0,x) = po(x) = 0 z e R?,

with an appropriate choices of units, so that all dimensional constants are unity.

In most of this paper, we consider initial data py that belongs to L!(R?,log(e + |z|?) dz), and such that pg log po
is integrable. The relevance of these conditions shall be explained shortly, but at the very least, they insure that
¢(0,z) is well defined. It will sometimes be convenient to write the second equation in (1.1) in the compact form
c(t,x) = G x p(t,x) where G(z) = —1/(27)log |z| is the Green’s function for —A in R2. That is, —Ac = p.

Also throughout the paper, the term density shall always refer to a non-negative integrable function on R2?, and
we shall use the term mass to refer to the total integral of a density p. Because of the divergence form structure of
the system, solutions formally satisfy the conservation of mass

/R2 p(t,z) dﬂc:/]R2 po(x) dz == M

for all t > 0; i.e., the mass M is conserved in time.
The PKS system can be rewritten advantageously as follows: Introduce the free energy functional Fpks

prs[p]Z/ p(z)log p(z dw+—// z)log |z —y|p(y) dz dy .
R2 RQXRQ

The first integral is well defined if plogp is integrable, and the positive part of p(x)log|x — y|p(y) is integrable
when p belongs to L'(R?,1og(e + |z|?) dx), so that the second integral is at least well-defined under this condition.

Now suppose that the density p belongs to L*(R?,1og(e + |z|?) dz), and moreover, plog p is integrable. Then a
simple formal calculation shows that for all u € C2°(R?) with zero mean,

0F
lim — (.Fsz[p + eu] — Fpkslp]) = / PiKS[p](x) u(z) da
e—0 R2 5/)
where 5 Focsl )
p
%KS(:C) = log p(z) + —/ log [z — y|p(y) dy = log p(z) — G * p(z) .
0 27
It is then easy to see that the evolution equation in (1.1) can be rewritten as
dp ) 6Fpis(p(t)]
— = _— . 1.2
or(t.a) = aiv (p(r.a)v | FE (1.2
It follows that at least along well-behaved classical solutions (for which we may integrate by parts),
d 0F 1IN
SFewslo(o)] = — [ pte) |9 g (13)
de R2 (Sp




hal-00512743, version 2 - 7 Sep 2011

BCC September 7, 2011 3

In particular, along such solutions, ¢ — Fpks[p(t)] is monotone non—increasing. The key to exploiting this mono-
tonicity, as discovered in [21], is the sharp logarithmic Hardy-Littlewood—Sobolev (Log HLS) inequality [3, 12]:

1.1 LEMMA (Logarithmic Hardy-Littlewood-Sobolev inequality). Let f be a non-negative measurable function
in R? such that flog f and flog(e + |z|*) belong to L*(R?). Let M := [, f dz. Then

2
| f@ozs@ ot 5[] f@osle—ulsw) ddy = - con), (14)

with C(M) := M (1+1logm —log(M)). There is equality if and only if f(x) = ox(x — xo) for some XA > 0 and some

xo € R2, where
M A

oa(z) == ?m

Following [21], one may apply sharp log HLS inequality (1.4) to deduce that

Frrslp] = 8%” (/}Rz p(x) log p(z) dz + % //sz p(z)log |z — ylp(y) dz dy)

+ (1 _ 8%) /]R p(z) log p(x) de

Lo+ <1 - g) | pta) g pta) d (15)

Z —
It follows from this and the monotonicity of Fpxs[p(t)] that for solutions p of the PKS system for which M < 8,

87Flpo] = M C(M)
8 — M '

Elp(t)) = / plt,2) logplt ) da <

Therefore, for M < 8w, the entropy E[p(t)] stays bounded from above, uniformly in time. This precludes the
collapse of mass into a point mass for such initial data. In [21, 7], this formal analysis is made rigorous, and the
global existence of solutions below the critical value 87 and a number of their properties as well are established.

Previous work in this direction, by Jiger and Luckhaus [25], had shown that for initial data of sufficiently small
mass, the entropy E[p(t)] stayed bounded uniformly in ¢. Their analysis used the Gagliardo—Nirenberg-Sobolev
inequality for functions f in R? that bounds || f||4 in terms of |V f||2 and ||f||2, and not the Log HLS inequality,
but their global existence result requires the mass to lie below a threshold that is strictly less than 8.

That 87 is the actual critical value at which diffusive and concentrating effects are balanced, and not only a
better lower bound, can be seen by computing moments: When the initial data has a finite second moment, and
M > 87 such collapse, or “blow-up” does indeed occur in a finite time. To see this, we first note a weak formulation
of our the PKS evolution equation that will useful to us later on. Let ¢ be any test function. Then

% Y(x)p(t,z)de = [ Ay(x)p(t, =) dz
R2 R2
a ﬁ R2xR? ol ) S |;cvi/)(;/|)2) i) p(t,y)dzdy . (1.6)

In addition to the usual integration by parts, we have symmetrized the second term on the right in = and y.
d
Fixing any a € R? and taking ¢ (z) = a - x, we see from (1.6) that &/ zp(t,z) de = 0; i.e., the center of mass
RZ

is conserved. Due to the translational invariance, we henceforth assume zero center of mass. More interestingly,
taking 1 (z) = |z|?, so that (Vi(x) — Vep(y)) - (xz — y) = 2, we find

d 1 M
—/ lz|?p(t,z) de =4M — —M? =4M (1 — — | .
dt Jpe 2m 8
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Thus, if M > 8, the right hand side is strictly negative, and this shows that the second moment of p(t) reaches
zero in a finite time if initially bounded, or else some sort of singularity develops that would invalidate the formal
calculation we have just made.

Thus, the mass value M = 87 is the critical mass for the PKS system: For M < 87, one has global solutions
for which diffusion dominates so that all of the mass tends to infinity as the time tends to infinity, see [7], while for
M > 8, solutions develop singularities, see [25].

Our focus in this paper is on the case M = 8x. Notice that for M = 8w, Fpks is exactly the functional that is
on the left hand side in (1.4). Since the densities g are minimizers of Fpkg for M = 8, it follows that

0Fpks|ox]

o) =0,

and then from (1.2) that each gx — and each of their translates — is a stationary solution of (1.2); i.e., of (1.1).
Of course, this can also be checked directly. Our main goal in this paper is to determine the stability of these
solutions, and to determine basins of attraction for them. In achieving this goal, we develop several novel functional
inequalities, and a strategy of concentration control that may be useful elsewhere, and may be the main contribution
of the paper.

Each of the ¢y has an infinite second moment, and so shall all of the functions in the basins of attraction that
we find for them. This must be the case according to previous work [6] on the case M = 8 for initial data with a
finite second moment. The paper [6] proves the global existence of weak solutions with finite second moment that
satisfy the free energy dissipation inequality

Fexs(p(T)] +/O [/]RZ p(t, x) ‘VM(@

2
3p dz] dt < Fpks[p(0)] ,

which is what one would guess should hold from (1.3). Moreover, [6] proves that every such solution blows up at
infinite time. That is, the ¢ — oo limit of any such solution is a Dirac mass 8  at the center of mass of the initial
data. Furthermore, a point mass of mass M is a stationary measure-valued solution in the sense introduced in [22]
if and only if M > 8n. Let us finally mention that an analysis of basins of attraction of gy in the radial case was
done in [4] in terms of certain relative moment conditions.

From this point of view, the solutions in the critical mass case with finite initial second moment are choosing
in their large time asymptotics the only possible stationary state with a finite second moment.

Let us finally comment that the family of stationary solutions gy play a role too in the conjectured profile of
blow-up for any point singularity of the solutions for masses M > 8. Velazquez has proved [42, 43] that the inner
part of the matched-asymptotics expansion for the blow-up profile is given by these stationary solutions for the
critical mass value.

1.2 The second Lyapunov functional

The essential tool in our construction and analysis of solutions of the critical mass PKS system is an interesting
and somewhat surprising interplay between the PKS system and another evolution equation which also has the gy
as stationary solutions — the Fokker-Planck version of the fast diffusion equation in R? with exponent 1/2:

%(t,z):A\/u(t,z)+2,/)\LMdiv(:cu(t,x)) t>0, reR?,

u(0,2) = up(z) >0 r € R?,

(1.7)

0
corresponding to the fast diffusion equation —1; = Av/u by a self-similar change of variable, see [41]. In the interest

of brevity we refer to (1.7) as the fast—diffusion equation.
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This equation can also be written in a form analogous to (1.2): for A > 0, define the functional Hy on the
non-negative functions in L!(R?) by

Ha[u] = /R (Vule) - m—mf o2 (w) du.

This functional is the relative entropy of the fast diffusion equation with respect to the stationary solution o). The
unique minimizer of Hy is oy, and a simple formal computation yields
SH A [u) 1 1

- (1.8)

5

from which one sees that (1.7) can be rewritten as

ou

a(t, x) =div <u(t,x)vw(x)) , (1.9)

ou

It follows that for classical solutions u of (1.7) for which one can integrate by parts,

1
dx:—/ —Vlogu(t,z) + 2 Lxx/u(t,x)
e |2 VXM

As one sees from (1.8) and (1.9), the densities g, are stationary solutions of the fast diffusion equation (1.7), as

2

G0 = = [ e |70

2
dx .

well as the PKS system (1.1). This is much more than a coincidence, and there are very close connections between
the two evolution equations.

Unlike the functional Fpkg, the functional H, is convex. In fact, it is not only convex in the usual sense, but is
also displacement conver. This second type of convexity, arising in the theory of optimal mass transportation, will
play a basic role in our analysis. We shall explain the relevant aspects of displacement convexity in Section 2 of
this paper. For now, we return to the convexity of Hy in the usual sense. Making simple computations, one finds

ha
. Halu] == VrMA + /]R2 [\/%|x|2u($) — 2/ u(z) + \/Q,\—(zf):| dz . (1.10)

Let us define the functionals
Gilu] := / |lz|?u(z) dz and Gau] := —/ Vou(z) da.
R2 R2

Since G[u] is affine on its domain of definition, and since Gs[u] is convex on its domain of definition, one might
formally conclude the convexity of H on its domain of definition. In fact, those who are familiar with displacement
convexity will recognize that functionals Gy [u] and Gs[u] are displacement convex on their domains of definition.

Unfortunately, separate consideration of Gj[u] and Ga[u] is not relevant in our context: Note that /px(z) is
not integrable, and thus if H[u] is to be well defined, \/u(x) cannot be integrable either. Furthermore, since
|7|20x(2) is not integrable, it is clear that |z|?u(x) also will not be integrable on the whole domain of definition of
Hx. Thus, cancelations are crucial to the definition of Hy, and the integral in (1.10) cannot be split into a sum of
three integrals to be analyzed separately.

As far as the convexity (in the usual sense) of H, is concerned, it is easy to give a rigorous proof: Indeed, H [u]
can be written as

Halul = [ [@(u(z) ~ Blor(@) - ¥(e2)(ule) - er(@)] do (111)

with ®(s) = —24/s, which is a convex function. However, displacement convexity is essential to our strategy, and
even after we have properly introduced the notion of displacement convexity, we shall have to work much harder
to prove that H, is in fact strictly displacement convex on its domain of definition.

The convexity properties of H, are relevant to the analysis of the PKS system due to the perhaps surprising
fact that H, is monotone decreasing also along solutions of the critical mass PKS system (1.1), and not only along
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solutions of the fast diffusion equation (1.7). This gives us a second Lyapunov function for the critical mass PKS
system. To see why this should be so, we make a formal calculation that we shall revisit in full rigor later on: Let
p be a sufficiently nice solution of the PKS system. Then

%Hk[p(t) :/Rz LIPS (p(t,ac)v [MD dx:_/Rz = {5%[;)]} - [Usz[p]] "

op dp op op
/ v[ = 1} vl Gpl d
=— | pV|—=-—=| Viogp—Gxp] du
R2 Vox /P
:f/ 21/~ 2p+ V5| Vogp—Gxp| do (1.12)
e |V M

Integrating by parts once more on the term involving the Green’s function,

L[ |Vp|? L[ |Vp]? / 3
Vp-V[ogp— dz = = A _ - _ /2 4
/Rz VP Vllogp=Grpl dr 2/11&2 p3/2 +/]RZ\/E Gxr 2/Ra PICE

Also, [5, zp- Vlogpda = —2M and, making the same symmetrization that led to (1.6),

1 T — M?

/ plx)x - VG * p(z) d p(t,z) (x —y)- _7y2 pt,y)dedy = — . (1.13)
R2 |z — y| 47

47 R2 xR2

Using the last three calculations in (1.12), we find

d 1 [ [Vp? 5o Mn M
S = = d do+ 4y 20 (1= 2
a0l 2/Rz PE ””+/R2p SR Y 8

Notice that the constant term vanishes in critical mass case M = 8m. Thus, in the critical mass case, formal
calculation yields that for all 7' > 0,

H,\[p(T)]—i-/OT B /R 'pvgff (t,2) dx—/R2 P2(t, ) dx} dt < Hlpo] (1.14)

In fact, the formal computation yields equality instead of merely inequality in (1.14), but it is this inequality that
is useful to us, and this is what we shall actually prove for the solutions that we construct here.

The key to exploiting (1.14) is a particular case of the Gagliardo-Nirenberg-Sobolev (GNS) inequalities for which
the sharp form was found by Del Pino and Dolbeault [20].

1.2 LEMMA (Gagliardo-Nirenberg-Sobolev inequality). For all functions f in R? with a square integrable distri-

butional gradient V f,
o ERE I IS
R2 R2 R2

1/4

and there is equality if and only if f is a multiple of a translate of ox*/* for some A > 0.

To apply this, note that at least for strictly positive densities p,

L[ |Vp
Vol (@)|? de = — d
| we @R de= 5 | @) dr

Therefore, we define:

1.3 DEFINITION (Entropy dissipation functional). For any density p of total mass 87 such that p'/* has a
square-integrable distributional gradient, we define the entropy dissipation functional D[p] by

Dl =5 [ Vo @Pde - [ ) do,
R2 R2

and we define D[p] = oo in all other cases.
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1.4 LEMMA (Dissipation of Hy). For all densities p of mass M = 8,
Dlp] =0,
and moreover, there is equality if and only p is a translate of ox for some A > 0.
Proof: Let f = p!'/* and note that Jg2 f4(x) dz = 8m. Multiplying D[p] through by m, the claim follows directly
from Lemma 1.2. |

1.3 The main results on the PKS equation

The formal result (1.14) may now be written as

Halp(T)] + / Do(t)] dt < Halpo]

Since H[p(T)] > 0, this suggests at the very least that

1" 1
1 Lo 1
7 ) PIoo]de < i 0] =0,

and then Lemma 1.4 suggests that for all large t, p(t) must be close to g, for some > 0. However, an easy
calculation, see Remark 2.5, using the fact that [, [z[*0x(2) dz = oo, shows that Hx(0,) = oo for p # A
Therefore, since Hx[p(t)] is non-increasing, one expects that p = A. In short, the formal calculations made so far
suggest that for solutions p of the PKS system with initial data pg satisfying Hy[po] < 00, lim;—,oo p(x, t) = ox(x).
We now make one more definition, and then state our main results on the PKS equation:

1.5 DEFINITION (Properly dissipative weak solutions of the PKS equation). Let Let py be any density on R?
with mass 8, such that for some A > 0, H[po] < co. Let p: [0,00) — L' (R?) satisfy:

(1.5.1) For each t > 0, p(t) is a continuous curve of densities of mass 87 in the sense that for each bounded and

globally Lipschitz function ¥ on R?, t — / () p(t, ) dz is continuous with p(0) = po.
R2

(1.5.2) For each T > S > 0, and each smooth and compactly supported function ¢ on R?
T
vpT,0)do= [ w@pE.o) et [ Av@pltz) dodi
R2 R2 s Jre

Lt (Vo(@) = Vo) - (= —y)
- /5 /}R2XR2 p(t, ) EE p(t,y) dz dy dt .

hal-00512743, version 2 - 7 Sep 2011

(1.5.3) For each T > 0,
T
Halp()]+ [ Dlplt)]dt < Halpu] (1.15)
0
so that p satisfies the entropy—entropy dissipation inequality expected for solutions of the PKS equation.

Then p is a properly dissipative weak solution of the PKS equation (1.1) with initial data pg.

1.6 THEOREM (Existence and regularity of properly dissipative weak solutions). Let po be any density on R?
with mass 87, such that Fpks[po] < 0o, and for some X\ > 0, Hy[po] < co.Then there exists a properly dissipative
solution of the PKS equation (1.1) with initial data py. Moreover, the solutions we construct have additional

regularity properties, including:

(1.6.1) For any S > 0 and any p with 1 < p < oo, there is a constant C depending only on S, p, A and Hx[po] such
that for allt > S, ||pt)|l, < C.
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(1.6.2) The distributional gradient of p*/* is square integrable over [0,00) x R?, and in fact,

/ [Vp'/4(t, ) dz dt < Halpo] -
0 R2

(1.6.3) Fpks|p(t)] is well defined for each t, and is monotone decreasing: Fprs[p(t)] < Fpks[p(s)] for all 0 < s < t.

1.7 THEOREM (Basins of attraction). Let py be any density on R? with mass 8w, such that Fpxs[po] < 0o, and
for some XA > 0, Hy[po] < oo. Let p be any properly dissipative weak solution of the PKS equation (1.1) with initial
data pg satisfying the additional regularity properties (1.6.1), (1.6.1) and (1.6.3) of Theorem 1.6. Then

Jim Feks[p(t)] = Frkslea]  and Jim [lp(t) = oalli =0

Let By denote the set of densities py of mass 87 for which Fpks[p] < oo, and Hr[p] < oo. According to
Theorem 1.7, B), is a basin of attraction for gy under the PKS evolution in the sense that any properly dissipative
weak solution with initial data in By, and the regularity produced here, converges strongly to gy in L!(R?).

1.4 Controlled concentration inequalities

The proof of the additional regularity in Theorem 1.6, and then Theorem 1.7, might at first appear to be possible
by a standard application of entropy-entropy dissipation methods, given the entropy-entropy dissipation inequality
(1.15). However, this is not the case. The essential point is that D[p] is not a convex function of p, and even worse,
it is a difference of two functionals of p that can each be arbitrarily large even when D[p] is very close to zero.
Indeed, for M = 87 and each A > 0, D[p,] = 0 while

. _ . 1/4 _ . _
lim f[oxlls/z = 00, lim [Vox™/%[l2 = c0, and lim gy = 8md .

the point mass of 87 at 0. It follows that the level sets of D cannot be weakly compact in L!'(R?). Likewise,
Frkslon] = 8m(log8 — 1) for all A > 0 while limy_,0 ox = 87dp. Thus, a family of densities of mass 87 on which
Fpks is uniformly bounded need not be weakly compact in L!(R?)

In these examples of non-compactness for level sets of D and Fpks, we have a family of densities, which, in
the limit, concentrate all of their mass at single point. We shall show here that this is essentially the only way
compactness can fail for a family of densities of mass 8w on which D or Fpks s uniformly bounded.

Compactness of level sets of H fails for more mundane reasons: A glance at (1.11) is enough to see that for all
h > 0, one can construct a sequence of {p;} small perturbations of gy lying in {p : Hx[p] < h} such that for some
€ > 0 depending on h, liminfy_, f{\w\<1/k} pr(x) de > e. Thus, level sets of Hy are not uniformly integrable, and
thus not even weakly compact in L'(R?).

However, the densities in level sets of H) do have a crucial property: They must have “thick tails” and for
this reason, they cannot concentrate more than a limited fraction of their mass on any given small set. Thus, the
examples of non-compact subsequences in level sets of D and Fpkg that we exhibited above do not lie in any level
set of H,, and as we shall show, neither do any other non-compact subsequences. In Section 3 we prove:

1.8 THEOREM (Thick Tails). Let p be any density of mass M such that Hy[p] < oo. Then for n, := %6_1/5

and any s > 1
4 M 4
/ p(x)dr >n.e Ve Ml / or(z)dz = 77*26 7 Halel
|z[22 A2 |z[2>As2 1+s

Though the statement of this theorem makes no reference to optimal mass transportation, the proof we give
in Section 3 relies heavily on the optimal mass transportation results we present in Section 2, including a new
Talagrand type inequality, Theorem 2.4, involving .

Using the very mild control on concentration provided by the Thick Tails Theorem, which says that densities
p with H, finite for some A cannot possibly concentrate most of their mass near any one point, we prove two
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“compactness via controlled concentration” theorems. Of course, some sort of concentration control is inherent in
any compactness theorem for densities, but the point here is that given only the very mild limit on concentration
provided by the Thick Tails Theorem, we are able, in Section 3, to prove compactness for the level sets of Fpks
and D. The first of these theorems concerns Fpks.

1.9 THEOREM (Concentration control for Fpks). Let p be any density with mass M = 8, with H[p] < oo for

some X\ > 0. Then there exist positive computable constants v1 and Cocr depending only on X and Hy[p] such that

o / plog, pdx < Fps[p] + Cecr -
R‘Z

Our second ‘compactness via controlled concentration” theorem concerns D:

1.10 THEOREM (Concentration control for D). Let p be any density with mass 8w, Fpks|p] finite, and H[p]
finite for some A > 0. Then there exist positive computable constants vo and Ccop depending only on A, Hy[p] and
Frkslp] such that

V2 / IVp/*|? dz < 7D[p] + Ccep -
R2

Moreover, the same conclusion holds if we replace the assumption that Fpks|p] finite with the assumption that the
entropy E|p] is finite, except that now the constant depends on the bound on E|p] instead of the bound on Fpks|p).

Theorems 1.9 and 1.10 give us the “vertical control” needed for a compactness result. The horizontal control
is provided by H, alone. Not only does a bound on Hy[p] ensure that p has thick tails, it also ensures that the
tails are not too thick: A bound on Hj[p] provides a bound on all moments of p up to but not including order 2.
Unlike the Thick Tails Theorem, this result is elementary:

1.11 LEMMA (Localization). For all densities p with mass M and all A > 0, and all 0 < q < 2, there is an
explicitly computable constant C depending only on q, X and M so that

/RZ |z|%p(x) dz < C (1 + %A[p])qm _

Proof: By the Cauchy-Schwarz inequality

/ o oxley /! dz S/ IVp— varlex Ve + var| dx
R2 R2
< VHAP Ve + Vel £ V2MHAp] -

is integrable, there is a constant C, depending only on A and M, whose explicit form is easily worked

/ 9;1/4pd$ §/ 9;1/49,\ dz + /2MHA[p] < C (1 + Halp))/? .
R? R?

Now repeat the Cauchy-Schwarz inequality, but this time with 9;3/ ®in place of 0;1/ 4, then there is a (different)

Since gi/ 4

out, for which

constant C, depending only on A and M such that:
/ lp— oxloy™® do < / Ve — Verley Vo + vealey V® do
R? R2
< VAR Ivpex ™ +vaxes 'l < VAPV © (1 4+ Halo) 2

/8 s integrable, then by changing the constant C accordingly, whose explicit form is easily worked out, we

Since gi
deduce
/ g;3/8p dz < / 9;3/8@\ dz + C (1 + Halp))** .
R2 R2
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The obvious iteration of this argument leads to

/g;Tpdxg/ 05 ox dz 4+ C (14 Ha[p)*
R? R?

for each r of the form 1/2 — (1/2)* for k € N, and then by interpolation, for all 0 < r < 1/2, where of course C
depends on r as well as A\ and M. To conclude, note that o\ " (z) ~ |z|*" for large |z|. |

Lemma 1.11 shows in particular that when H,[p] < oo, then plog(e + |z|?) € L'(R?), so that the Newtonian
potential of p is well defined. Also, Lemma 1.11 together with Theorem 1.9 shows, via the Dunford-Pettis Theorem
that the intersections of level sets of H, and Fpks are at least weakly compact in L!(R?), and stronger conclusions
follows for the intersections of level sets of Hy, Fpks and D.

The “compactness via controlled concentration” provided by H, and its dissipation D through Theorem 1.10
and Lemma 1.11 is the core of our proof of Theorem 1.7. However this is not the only use we shall make of
compactness via controlled concentration: It is absolutely essential to our construction of properly dissipative weak
solutions.

Indeed, in many problems in which one seeks to prove an entropy-entropy-dissipation inequality such as (1.15),
both the entropy functional H and its dissipation D would be weakly lower semicontinuous, often due to some
convexity property. Then, if {p,}nen is a sequence of nice or approximate solutions of the evolution equation
converging weakly to a weak solution p, one would have

T T
HIP(D)] < lim Hpa(T))  and [ Dlplo]dt < lim [ Dlpu(o)]at,
which is very helpful if one is trying to prove something like (1.15).
While in our case H) is convex and lower semicontinuous, D is the difference of two non-comparable convex
functions and has no lower semicontinuity. Therefore, we need new tools to prove (1.15), and as we shall see, it is
once again the compactness via controlled concentration that does the trick.

1.5 Further developments

One can build on the regularity results obtained here to prove additional regularity. Indeed, if p is one of the
solutions we have constructed here, it is easy to prove that for any a > 0, Ve(z,t) is bounded and continuous on
(a,00) x R?, only using the continuity properties on p in ¢, the uniform control on first moments, and the fact that
p(t) is uniformly bounded in both L! and L3 for all ¢+ > a. Thus “freezing” b := Ve, p is seen to be a weak solution
of the linear parabolic equation

% = Ap —div(bp) ,
with b bounded and continuous. Parabolic regularity theory may now be applied. In fact, the arguments developed
in [1, 29, 14] can be applied to get L*°-bounds of the density for all positive times based on the LP-bounds,
1 < p < o0, obtained in Theorem 1.6. A further development that requires new tools is to bound the rate of
convergence to the equilibrium gy in our convergence theorem.

An interesting problem whose solution would lead to rate information is to characterize the stability of the
GNS inequality that we have used. That is, we know that D[p] = 0 if and only if p is a translate of g, for some
A > 0, since, as we have seen, this is simply a restatement of a sharp GNS inequality of Del Pino and Dolbeault.
A stability result for this inequality would be a result stating that, for any € > 0, if D[p] is sufficiently small, then
the distance, in some metric, from p to some translate of some gy, A > 0, is no more than e. It would also be useful
to quantify the qualitative stability result for the Log-HLS inequality that we prove and use in Section 5. Work in
this direction is underway.
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1.6 Other equations with a second Lyapunov functional

The second Lyapunov functional H) is more useful to us than the primary Lyapunov functional Fpkg, which
actually drives the evolution, because of its convexity properties, especially its displacement convexity, as explained
in Section 3.

There is a “canonical way” to produce gradient flow evolution equations that have a convex second Lyapunov
functional that has been investigated in [32]. Indeed, both the PKS equation and the fast diffusion equation are
gradient flow systems where the gradient is computed using the 2-Wasserstein metric, as we recall in Section 3. To
keep things simple here, let us explain the mechanism studied in [32] in the finite dimensional Euclidean case.

Let V be a smooth convex function on R™. Let W be the smooth function on R” defined by W (z) = |VV (x)|?.
Now consider the evolution equation

Ez(t) = -—VW(x(t)).
Then of course, for any solution =,
d

V@) = -V (@) <0,
and so W is monotone decreasing along the evolution. It is the primary Lyapunov function for this flow. Next,
note that since VIW = 2[HessV|VV,
d
V@) == [VV - VW] (2(t)) = —=2{VV - [HessV] VV'} ((t)) <0,
since the Hessian of V is positive. Thus, V is a second Lyapunov function for the gradient flow driven by W.

An example in [32] concerns a porous medium equation on the line, which is gradient flow in the 2-Wasserstein
metric for a certain entropy functional. With this entropy functional playing the role of V', the gradient flow
equation for the functional corresponding to W is a certain fourth order equation of thin-film type.

The fact that the entropy for the porous medium equations is a second Lyapunov functional for this fourth
order thin film equation had been discovered earlier in [18] and exploited as the key to understanding the long
time behavior of the latter equation. Again in this case, the second Lyapunov function is strictly and uniformly
displacement convex, while the primary Lyapunov functional is not displacement convex at all.

In the case studied here, the second Lyapunov functional does not arise through the mechanism studied in [32],
or any other evident natural mechanism, and we have no “explanation” of why one should expect H) to decrease
along the PKS flow. However, as explained in [32], once one knows this, it is a consequence, formally at least, that
Frks decreases along the fast diffusion flow. This has interesting consequences that are investigated in [10].

The motivation for doing the computation to check the monotonicity is twofold: First, both evolution equations
have the same steady states, which is certainly necessary, but not at all sufficient, for the computation to work out.
Second, there are many sharp inequalities that have negative powers of 1 + |z|? as their cases of equality, so there
are tools available to try to prove the positivity of the dissipation.

1.7 A brief outline of the rest of the paper

The rest of the paper is organized as follows. Section 2 begins with a brief summary of some results concerning the
2- Wasserstein metric and gradient flows with respect to it. In particular, we recall a discrete variational scheme
due to Jordan, Kinderlehrer and Otto [26] for constructing solutions of a class of equations including both the PKS
equation and the critical fast diffusion equation. We also recall McCann’s [34] notion of displacement convezity, and
explain how this should, at least formally, lead to the entropy-entropy dissipation inequality that we seek. Making
the formal calculation rigorous will then be reduced to rigorously proving certain consequences of displacement
convexity for Hy, and this will be facilitated by the “robustness” of displacement convexity.

The latter half of Section 2 is more novel. As we have noted earlier, H, is formally a sum of displacement
convex terms, however, for the densities that concern us, each of the terms is divergent. Thus, we are forced to
introduce a regularization of Hy. While there are many tools available to regularize functions that are convex in
the usual sense (e.g. infimal convolution), there is no general approach to regularizing functionals while preserving,
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or at least not severely damaging, their formal displacement convexity properties. The regularization developed in
the second half of Section 2 is one of the cornerstones of the paper.

In Section 3 we prove the controlled concentration results that have been stated and discussed in previous
subsections.

In Section 4, we lay the ground work for the proof of Theorem 1.6 on the existence of properly dissipative
weak solutions. These will be constructed using a variant of the Jordan, Kinderlehrer and Otto [26] scheme, which
constructs the evolutions by solving a sequence of variational problems, as in di Giorgi’s “minimizing steps” method.

In this method, the Euler-Lagrange equation for the variational problem solved at each step often provides
essential a-priori regularity on the minimizing density p. Once again, at this point in our problem, we encounter
difficulties due to potential cancelation of infinities. To resolve these, we are forced to regularize Fpks. The discrete
scheme provides a very convenient framework in which to impose and control the regularization: We use a different
degree of regularization at each discrete time step. Because of the regularization, we will at least know that at each
time step, V/p is square integrable, but we shall have no useful quantitative bound on ||V/pl|2. Still, this gives us
enough regularity to make some crucial integrations by parts, and then eventually through the use of Theorem 1.10,
we shall obtain a useful quantitative bound on ||V p/4|s.

In Section 5, we pass to the continuous time limit, and provide the proofs of Theorems 1.6 and 1.7. Here, the
flexibility of choosing the degree of regularization at each time step is crucial to cope with the errors committed
in the displacement convexity of the regularized functional and to get the right dissipation in the limit. The
convergence in L! needs a qualitative control of the error in the log-HLS inequality: if Fpks[p] is small enough, the
densities are closed to some g, in L' norm. This together with the fact that #,[p] is non increasing proves that

w=A

2 Displacement convexity and the PKS system

2.1 Gradient flows in the Wasserstein metric and displacement convexity

We recall some facts concerning the 2-Wasserstein metric that will be used here. We shall be brief, aiming mainly
to establish terminology and notation. For more background, see [44, 2]. Let P(R?) denote the set of probability
measures in R?, and let Py (R?) the subset of probability measures with finite second moments. Define the functional

W, in P(R2) x P(R2) by
2
W3(p,v) = inf, //RW |z —y[* dll(z,y) , (2.1)

where II runs over the set I of all couplings of the probability measures p and v; that is, the set of joint probability
measures in R? x R? with first marginal 1 and second marginal v. For absolutely continuous probability measures
f dx and g dr we will simply write Wa(f, g) in place of Wy (f dz, g dz). Clearly, Wy is finite in P2 (R?) x Py(R?),
though it takes on the value +oo in certain pairs (u,v) € P(R?) x P(R?) - for example if u belongs to Py (R?),
but v does not. It is easy to see that Ws is a metric on P» (R2); it is called the 2- Wasserstein metric, where the 2
refers to the exponent 2 on the distance |x —y|. More generally, given any v € P(R?), Wy is a metric on the subset
of P(R?) given by {u € P(R?) : Wa(u,v) < oo }.

A result of Brenier [8] as extended by McCann [33], provides effective control over the minimization problem
defining Wy (u, v). To recall this result, let 7 be a measurable map R? — R?. We say that T transports  onto v,
if for any measurable set B C R?, v(B) = po T~(B). In this case we say that v is the push-forward of p by T,
v = T#yu. An equivalent formulation is that v = T#u if

g( /g Ydu(y) V¢ e CP(R?). (2.2)

By the Brenier-McCann Theorem [8, 33], for any two probability measures y and v on R? not charging Hausdorff
dimension 1 sets, there is an essentially unique convex function ¢ in R? such that Vo#u = v and

W2 (s, ) / & — V()2 du(z) (2.3)
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The essential uniqueness is that if ¢ and @ are two such convex functions, then Vo = V¢ almost everywhere with
respect to p. In this paper we will be concerned with densities whose mass is not necessarily one. If p and v
are two positive measures of mass M > 0, we define Wa(p, ) in terms of the 2-Wasserstein distance between the
probability measures p/M and v/M as follows:

W3(1,v) = MW3(u/M, v/M) . (2.4)

This normalization convention has the advantage that if Vo#(u/M) = (v/M), then (2.3) is still valid for arbitrary
M. Note that if (2.2) holds for u and v, it also holds if we change p and v by multiplying them by a positive
constant, i.e., Vo#(u/M) = (v/M) if and only if Vp#u = v.

In Section 5 we shall also use the p-Wasserstein distance, 1 < p < 2, especially for p = 1, on account of a
useful description of compact sets for this metric. For two probability measures u and v on R?, p-Wasserstein
distance W, (u, ) is defined by (2.1) where 2 is substituted by p. For two positive measures of mass M, we define
W, (u, ) = VM Wy (u/M,v/M). This normalization is chosen taking into account (2.4) to extend the standard
ordering relation for the W,-metrics on probability measures; that is, by Holder’s inequality, we have for any
1<p<?2

W (1, v) < Walyi,v) (2.5)

A fundamental insight of Otto [35] is that the 2-Wasserstein metric is useful when considering any evolution
equation on densities p that can be written in the form

%(ﬁ, r) = div (P(t, z)V [%ﬁ(@@}) (2:6)

for some functional G. The prime example of (2.6) considered in [26] is the Fokker-Planck equation for probability
densities for which

Glo) = / o) log p(a) d + / al?p(a) dr (2.7)

In [36] rescaled porous medium equations were also included. Otto’s insight [35, 36] is that the equation (2.6) is
gradient flow for the functional G with respect to the 2- Wasserstein metric. This is true for a large class of equations
of the form (2.6), see [2, 5, 11, 13, 16, 17, 44]. The “gradient flow in the 2-Wasserstein metric” point of view is
useful to us here for two reasons:

e It provides the means for constructing well-behaved solutions of the equation in question through the solution
of a sequence of variation problems; the Jordan-Kinderlehrer-Otto (JKO) scheme.

e It provides the means for studying the rate at which solutions of (2.6) converge to minimizers of the functional
G, at least when the functional G has a certain convexity property.

The convexity property referred to in the second point is McCann’s notion of displacement convezity [34], which
turns out to be convexity in the “Riemannian metric” associated to the 2-Wasserstein metric; see [36]. If the
functional G is uniformly displacement convex, then there are automatically a family of functional inequalities that
govern the convergence of solutions of (2.6) to minimizers of G. In concrete terms, the functional G is said to be
displacement convex in case the following is true: For any two densities py and p; of the same mass M, let ¢ be
the essentially unique convex function such that Vp#py = p1. For 0 < t < 1, define

2
x
pr(z) = (1 — t)% + to(x) and pt = Vordtpo

The displacement interpolation between py and p; is the path of densities ¢t — p;, 0 <t < 1. Let v be any real
number. To say that G is y-displacement convexr means that for all such densities pg and p;, and all 0 < ¢t < 1,
(1 —)G[po] + tG[p1] — Glpt] = 7t(1 — )W3(po, p1). G is simply displacement convez if this is true for v = 0, and G
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is uniformly displacement convex is this is true for some v > 0. Let us recall the characterization of displacement
convexity given by McCann in [34] for functionals of the form

Golpl = [ B(ola) d. 28)

where ® : [0,00) — [0,00) with ®(0) = 0. Then McCann’s Theorem says that if s — s®(s7¢) is convex non-
increasing on (0, +00) then the functional G is displacement convex, and this condition is essentially necessary.

A much simpler result, also from [34], is that if V is any real valued function on R? such that for all zg, z; € R?
and all 0 <t <1, (1 —t)V(xo) +tV(x1) — V((1 — t)xo + tz1) > vt(1 — t)|zo — 21|?, then the functional

e / V(@) ple) da

is y-displacement convex. Using these results, one readily checks that in the case of the Fokker-Planck equation, the
functional (2.7) is indeed 2-displacement convex. The consequent inequalities that govern the long time behavior
of solutions are Gross’s logarithmic Sobolev inequality and the Talagrand inequality for Gaussian measures. Our
analysis of long time behavior for the PKS system falls outside the scope of previous work in this direction since the
functional Fpkg is not displacement convex. The key reason that it is useful to bring the second formal Lyapunov
functional H) into the analysis of the PKS system is that it is displacement convex. In the next section we prove
the displacement convexity of Hy, and study its consequences.

2.2 The critical fast diffusion equation as gradient flow of a uniformly displacement
convex entropy

The equation

0
a—?(t, z) = Au™(t, z) + s div(z u(t, z)) | (2.9)
where k is a non-negative constant and m > 0, is called the porous medium equation with x =0 and m > 1 while
for k =0 and 0 < m < 1 is called the fast diffusion equation. When x > 0, there is a restoring drift. In case
m =1, (2.9) is of course the heat equation for k = 0, and the linear Fokker-Planck equation for x > 0.
Equation (2.9) can be written in the gradient flow form

ou 1 |35|2

o (t2) = div <u(t,z)Vg> with g[u]:/Rz <mum(z)+l-€ 5 u(z)> dz , (2.10)

which shows that the evolution equation (2.9) is gradient flow for G with respect to the Wasserstein metric.

The value m = 1/2 for this equation in R? is critical in the sense that the functional G in (2.10) is strictly
displacement convex for m > 1/2, but is not displacement convex for m < 1/2. There are many of other “critical”
values of m between 0 and 1/2 at which other things happen, see [19] for instance. But since displacement convexity
plays a crucial role in our work, it is natural to refer to the m = 1/2 case as critical here. Indeed, by the criteria
of McCann introduced above since G[u] = V[u] + Gy, [u] with V(z) = k|z|?/2 and ¢ (s) = s™/(m — 1), then V[u]
is uniformly displacement convex, and for m > 1/2, G4, [u] is displacement convex. As might be expected, some
difficulties arise at the critical value m = 1/2.

Since (2.9) is gradient flow for G, one might hope to find stable steady states by finding the minimizers @ of G.
Computing the Euler-Lagrange equation we find m/(m — 1)a™ ™! + k|z|?/2 = C, where C' is a Lagrange multiplier
for the constraint M := [;, u(x) dz, which is conserved. In the case m = 1/2 and choosing

T M A

K= KM =24~ we find ﬁ(x):?mzw(x) .

M A

One readily checks that @ = g is a steady state solution to (2.9) with x = kas, and so the family of stationary
solutions of the PKS system which we are investigating are also stationary solutions of the critical fast diffusion
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equation for different drifts k = ks x. However, as neither \/gx(z) nor |z|?g, is integrable, these functions are not
in the domain of definition of G, and so are not minimizers of

Glu] = /R (—QMMM,A@U(@) dz | (2.11)

the m = 1/2 version of (2.9) with x = kas,» as above.
The cure is a simple renormalization as introduced in [19, 30]: Consider instead the functional H[u] defined by

(\/u(x) - \/Q,\(.T)) dz + Ii]u,,\/ % [u(z) — ox(z)] dz. (2.12)

R2

U -2
R2
Then, at least as long as u has the same behavior at infinity as does oy, the integrals will converge. The counter
terms that we have subtracted off from our functional do not depend on w, and hence they do not affect 6G/du.
This is the key idea used in the improvements of rates of convergence for the fast diffusion equation, see [19, 30].
Since kara|z|* = 2/\/ox — Aku,a, the functional in (2.12) can be written in the following simpler form, which we
take to be the definition of the critical fast diffusion entropy:

_ [ Wiy’
Halu] := /]R2 o dz.

It is easy to check that for m = 1/2, (2.9) can be written in the general form (2.6) with G = H,. As noted above
the displacement convexity of H, is formally obvious from the fact that where \/u(z), v/ox(z) and |z|?u(z) are
integrable, H x[u] would differ from the right hand side of (2.11) by a constant. We provide a rigorous proof in the
next subsection.

2.3 Regularization of the critical fast diffusion entropy

To show that u — H[u] is displacement convex, and more generally, to make rigorous computations involving
critical fast diffusion entropy, Hx[u], we introduce a regularized version of the critical fast diffusion entropy:

2.1 DEFINITION (Regularized fast-diffusion relative entropy functional). For 6 > 0, and u a density with mass
M, define Hy s[u] by

[ (Vats— Vo ¥93)’
Haslu] = /]R2 N dx .

2.2 PROPOSITION (Displacement convexity of relative entropy functionals). For any density u € L} (R?) of
mass M, § — H s[u] is monotone increasing as 0 decreases to zero, and

lim 4y 5[u] = Ha[u] (2.13)

Furthermore, let ug and uy belong to L}r(R2) of total mass M such that Wa(ug,u1) < 0o, and let us, 0 <t <1 be
their displacement interpolation. Then for each § > 0,

(1 —1) ’H)\,(s[’uO] + t?-b\,(;[ul] — ’H)\,(;[ut] > t(l —1) K(;(uo,ul) ,

where Ks(ug,u1) satisfies
lim K5(uo, ur) = kar,x W3 (uo, ua) (2.14)

and Ks(ug,u1) > vs W3(ug, u1) with vs < 0. Consequently, the maps w v+ Hy s[u] are vs-displacement convexr and
the map u — Ha[u] is strictly uniformly displacement convex:

(1 —t) Haluo] + t Halur] — Hafue] > marat (1 — t)W%(uo,ul) .
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Proof: As § — (Vu+6 —+ox + 5)2 is non-increasing. Then, as § decreases,

(\/u +o—vort 6)2 increases to 7(\/_ — \/Q_A)2
vox+90 VOox

By the monotone convergence theorem and (2.13), the monotonicity in § follows. Next,

(Vautds-vort9)’
—= _ QA+5—2(\/u+5—\/5)+

Where by the mean value theorem

Vu+6— \/_<—and

+Vox+6—-2V6 .

)
Vor+9o

u u [N
—— < —, 9A+6—2\/5‘<—.
Vox+9 7 V6 ‘ Vo Ve
These three terms are integrable and
Has[u] = (I) + (II) + const. (2.15)

where

1
I):= ———=udz and (II ::2/ (\/g— u+5) dx .
U= Jo Var T =z [, oy
The criterion (2.8) are easily checked for ®(u) = v/d — v/u + 6, and thus (IT) is displacement convex.
The term (I) in (2.15) is unfortunately not displacement convex in general. In fact, we will show that is ~s-
displacement convex with a explicit computable constant. In order to check the vs-displacement convexity of the
1/2

regularized functional, notice that (o) + 6)~1/2 is a function of |z|?. Thus, the functional (I) is of the general form:

u Vs(z) u(z) dz
RZ

with Vs(z) = (ox + 5)_1/ 2. The characterization of vs-displacement convexity [2] ensures that this is implied by
D2Vs > 7515. Let us compute the hessian of the potential V(). Define the function f5 on [0, 00) by

1

fs(|z]7) = Vs(z) = m ,

We compute
A 3AI(N+9)

[A+6(\+s)? ]3/2 and  f; (S):_[A+5()\+S)2]5/2 )

f5(s) =

with A = M \/m. Therefore
D?Vs(x) = 2f5(|=*)di; + 45 (|2]*)(z @ =),

and taking into account that f§'(s) <0, then
&- D?Vs(x) - €7 > [2f5(|=*) + 4f5 (|2[*)|=[*] 1€]* := F(|=[*)I€[ (2.16)
for all z, ¢ € R?, where the function Fj is given by

2A2% + 24602 — 8A)\ds — 10A5s>
[A+ (N + 5)2]5/2

Fy(s) = 2f5(s) + 4sf5 (s) =

It is obvious that the function Fs converges point-wise to the constant xas  as 6 — 0 in [0, c0). Moreover, since for
each 0 > 0, the function Fs(s) — 0 as s — oo and it is clear that is negative for s large enough since the denominator
is positive and the numerator has a negative dominant term, then Fj attains its maximum and minimum in [0, 00).
Then, we can choose its minimum value as s < 0 and the vs-displacement convexity is proved.
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In order, to show the limiting uniform displacement convexity, we need to refine our arguments. For that, we
come back to the definition of convexity. Let ¢ be the essentially unique convex function such that Vi #ug = uy.
For 0 <t <1, define

w(t) = | Vs(@) (= t)uo@) +tu (@) —u(z)] dw

= [ 0= Vo) + € Vo(V(0)) = Voo + (T0() = )] o) o

We seek a lower bound on 75 of the form ns(t) > ¢ (1 — t) Ks(ug,u1). Since 15(0) = ns(1) = 0, it suffices for this
purpose to show that 7 (t) > 2 Ks(up,u1) for all 0 < ¢ < 1. By denoting y := Vi(x) — =, we have

m5 () = /Zy - D*Vs(w +ty) -y uo() dz .
i
Using (2.16), we readily obtain that

w® = [ Fallo+ Pl uola) do > Ksuom)
R

with

Ks(ug,u1) := 0r<nt1211 /R2 Fs(|z + ty|®)|y|* uo(z) da.

Now, let us observe that the function Fj is bounded in [0, co) uniformly in §. For that, note that f; is decreasing
and thus f4(s) < f4(0) < A=Y/2. On the other hand, by the geometric-arithmetic mean inequality, we get
3

/(s)] < 30/2 <.

(2.17)

As a consequence, we get
8
| F5l Loo (0,00) < ﬁa

and thus,
|Es (|2 + ty*)][y|* wo (@) < %IW}(SE)I2 uo(z) € L'(R?)

for all 0 <t < 1. Thus, the dominated convergence theorem guarantees that

lim | Fs(|lz + ty]®)|y|* uo(x) daz = Ii]u,,\/ lyl> uo(z) dz = kar AW (ug, u1) ,
0—0 JRr2 R2

uniformly in 0 < ¢ < 1, which together with the definition of Ks(ug,u1) implies the uniform displacement convexity
of the limiting functional Hy [u]. |

Continuing with the notation of Proposition 2.2, define the function hs on [0,1] by hs(t) = Hxslut] —
Ks(ug,u1)t?. Then by Proposition 2.2, (1 — t) hs(0) + ths(1) — hs(t) > 0, so that hs is convex. Therefore,
for all ¢ € (0,1),

hs(t) — hs(0
hs(1) — hs(0) > M _

This in turn implies that

Haslui] — Hasluo] > limsup Hosl] = Hoslul
t—0 t

+ Ks(ug,uy) .

To compute the limsup of the right hand side, we treat the two non-constant terms (I) and (II) in (2.15)
separately. As we have noted (II) is displacement convex, and by well known theorems on the sub-gradients of
displacement convex functions [2, Chapter 10], this part contributes

Vug(x
/]RZ W - (V(x) — ) uo(x) dz
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as long as the integrand satisfies mild regularity properties; in particular whenever ug is bounded below on every
compact set by some strictly positive number, and /ug has a square integrable distributional gradient. We shall
show that both of these conditions hold in our application. Given that they do, then by the Cauchy-Schwarz
inequality,

_ Vue| / | Vul* /
dz < - d
/]RZ (o +5)3/2 |[Vi(z) — x| ug da 2 o 1 0)F Vi (x :L'| ug da

1 |V’LL0|2 2 / 2
<\i/== — daW = — Vy/ dx W .
>~ \/36 /]R2 o T 2(“07“1) \/ﬁ 2 | ’ll,0| X 2(“07“1)

The contribution of (I) in (2.15) can be treated by appealing to the general results in [2] since this functional
is ys-displacement convex, in the notation of [2], and thus, this part contributes

2 [ Bol?) e (V0a) ~ ) uo da

Which is finite because s — /s f{(s) is a rational functional which tends to 0 when s goes to infinity. Thus we
have:

2.3 LEMMA (First-order characterization of displacement convexity). Let ug and u; be two densities of total
mass M such that W3 (ug,u1) < 0o, and such that ug is uniformly bounded below on compact subsets of R? by a
strictly positive number, and that \/uo has a square integrable distributional gradient. Let Vi) be the unique gradient
of a convex function v in R? so that Vi#ug = uy. Then

2Ax n Vug
[A+6(A+]22)2]?  2(uo+0)3

H,s[u1] — Has o) Z/ (Vip(x) — x) ug dz + Ks(ug, u1) (2.18)

where Ks(ug,uy) is defined in Proposition 2.2, and the integrand in (2.18) is integrable.

One might be tempted to take the limit § — 0 at this stage and to conclude

Haluo] < Halu] f/ KMA T+ (Vy(x) — x) up do — nMyAwg(uo,ul) ,
RZ

90 3/2

but without further information about Vi (z) — z, it is not possible to do this, or to justify the convergence of the
integral. In our applications, it will be simpler to use the specific information that we obtain on Vi (z) — z, then
to do some integrations by parts, and then take the limit § — 0.

Let us finally deduce as an application of the uniform displacement convexity of the functional H[u], an inter-
esting functional inequality of Talagrand type. Actually, generalized Log-Sobolev-type inequalities lead formally
to generalized Talagrand-type inequalities for this functional by repeating arguments due to Otto and Villani [38,
Theorem 1, Proposition 1] in the linear case and generalized in [16, Theorem 2.1]. Here, we are able to show it in
full rigor by the previous approximation argument.

2.4 THEOREM (Talagrand’s inequality). Whenever u € LY (R?) of mass M with H[u] < oo, then

27‘[,\ [u]

KM,

WQ(U, Q)\) S

Proof: Using Lemma 2.3 with ug = g and u; = u, we obtain that Hj s[u] > Ks(ox,u). for all § > 0, since

/H,\75[Q>\] =0 and
2Ax Vo

Jr
[A+3(\+ [2[2)2%2  2(0x + )%
Thus, passing to the limit 6 — 0 taking into account (2.14), the desired inequality is obtained. |

=0.
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2.5 Remark (Basins of attraction). Theorem 2.4 tells us that the 2-Wasserstein distance of our initial data to
the stationary state oy is finite provided Hy[uo] < oo. Moreover, each of the equilibrium solutions oy are infinitely
far apart in the Wy metric: We can easily check that with ¢(z) = \/A/p|z|?/2, one has Voo, = ox. Thus, the
uniqueness part of Brenier-McCann Theorem ensures

1
W3 (0u, 02) = 5/}}@

since the equilibrium densities oy all have infinite second moments. In particular, Hx[o,] = +00 for p # .

3 Proof of the concentration controlled inequalities

3.1 Concentration control for Fpikg

To prepare the way for the proof of Theorem 1.9, it is useful to give an elementary demonstration of a crude form
of the log HLS inequality, without sharp constants, but which would nonetheless provide bounds on £[p] for all
M < 8.

3.1 LEMMA (Bounds on the entropy). Let p be a density of mass M on R? such that plogp and |x|p are in
LY(R?%). Then, for any o > 1/(8), there exists a constant C(M,a,\) > 0 only depending on M, o and X such

that
1

§(G)+ * p(x) §a/ plogp dz + C(M,a,\) + 4a M log (/ VA4 |$|2pdx)
R? R?

for al x € R%. For o and X fived, C(M,, \) is monotone increasing in M.

Proof: Recall the following Young type inequality: For all s,¢ > 0, st < slogs + e!~!. Then, for any a > 0, we
have
st =als(t/a)] < aslogs + aet/*1 (3.1)

We now apply this to

L) s @) = = [ (ogle — _ RPN ()
@ vot) = g [ Goste—ahp)du= [ tomle —al) D8 or(0) du

2 47 oa(y

under the integral sign with weight gy, and with

_ ry)
ox(y)

Since gy is bounded above by M/(A7), this yields

p p M 1
— Jlog| — | ordy + / dz | . 3.2
ly—z|<1 <Q/\) & <Q/\> A ()me l2|<1 | 2|1/ (e ) (3:2)

1
and t:fﬂlog|xfy|.

3@ o) <a [

The second integral on the right converges as long as « > 1/8, in which case, doing the integral explicitly, we find

aM 1 M 8ma?

— ———dz = —— for 8 1. 3.3
Ame Ji < |21/ 4re) " Nesta—1 or ema = (3:3)

To relate the first integral to £[p], use the fact that s — slogs is bounded below by —1/e to conclude that

M
/ (ﬁ) log (ﬁ) oxdy < / (ﬁ) log (ﬁ) oxdy + —
ly—z|<1 \ X Ox R2 \ @A ox e

M
S/ plogpdy—/ plogoxdy + —.
R2 R2 €
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By Jensen’s inequality for the concave function log in L*((p/M) dz),

AM
/ plog oy dz = M log (—) - 4/ log (\//\+ |:c|2) pdx
R2 s R2
AM 1
> Mlog| — | —4Mlog i VAt |z]2pda | . (3.4)
RZ

™
Using (3.3) and (3.4) in (3.2), we obtain
M 8ma?

e 8ta — 1

1 A
+aM{——1og(—)+310gM—|—410g(/ \/)\+|x|2pdx)] .
e ™ R2

(G)+ * p(x) Sa/Rzplogpder

N | =

The result follows with

1 8ma 1 A
CM,a,\) =aM |———+ - —1 — 3(log M .
( ) O ) « |:)\687T041+€ Og(ﬂ_)—’— (Og )+:|
|
To apply this, let p be any density on R? of mass 87 or less. For any number R > 1, define
p1(x) == 1gz>mp(x)  and  pa(x) = 1gz<pyp(@) -
Also define
p1(x) = Lo zp-1pp(x)  and  p2(2) = Ljjz|<rt1}0(2) -
Then since the support of (G)4 has unit radius,
[ o©@uspde = [ p(@iepdrs [ p(Grspda
R2 R2 R2
= / p1(G)4 x prda + / p2 (G)4 * p2 dx. (3.5)
R2 R2

Now suppose it is possible to choose R > 1 so that for some 0 < a < 8,

/|| pd:z::/ﬁldxg&r—a and /|| pd:z::/ﬁgdxg&r—a. (3.6)
z|>R—1 R? | <R+1 R2

Then choosing a = (87 — a/2)~!, and applying the pointwise bounds from Lemma 3.1 in (3.5), we obtain that

1 16m — 2
—/ p(G)Jr*pszM/ plogpdz+20(87r,a,>\)+327ralog</ \/)\+|z|2pdx) .
R2 R2 R2

2 16m —a

It follows from this and the obvious fact that
—/ pG*pdx > —/ p(G)+ * pdz,
R2 R2

that

Frkslp] >

/plogpdx—QC(Sﬂ,a,)\)—?)Qﬂa1og / VAt |x|2pde ) . (3.7)
16m —a Jpo R2

If the mass M is less that 8, the estimate (3.7) gives us an upper bound on the entropy of p in terms of Fpks[p]
and the first moment of p. This would suffice, in place of the sharp logarithmic Sobolev inequality, to prove that
no blow-up occurs or mass less than 87 as it was done in [7]. This cutting-in-pieces argument is similar but simpler
than the one in [6, Lemma 3.1] used for the bounded second initial moment case.

If the mass is equal to 8w, one needs additional information to find an 0 < a < 87 and an R > 1 for which
(3.6) is true. The additional information in case the second initial moment is bounded was given by contradicting
the convergence to a Delta Dirac, see [6, Lemma 3.1]. Here, we need to localize the mass and quantify the tails by
using a bound on H[p]. One of the bounds is easy:
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3.2 LEMMA (Solid core). Let p be a density of mass M such that for some A > 0, Hx[p] < co. Then

M
/ pde < — . (3.8)
{21 >4VX+4(0/ M)/ 4\ /HA o]} 2

Proof: We start by reminding the bound

/ |z| p dz < / VA |22 pdz < 2VAM + 2M3 AN /m) Y Halp]
]RZ ]RZ

proved in Lemma 1.11, here written with explicit constants. The result is a direct consequence of this bound since:
if / pdz < M/2, then / |z|pdz > rM/2.
|z <r R?

Choosing 7 = 4v/X + 4(\/Mm)Y/*\/Hx[p], we get a contradiction unless (3.8) is satisfied. |
Now define

VM

and then using this value of R define p1, p2, p1 and ps as above. By Lemma 3.2,

R::NX(H H’\[p]>+1

- M
/ prdz < <Am.
R2
Thus, the left inequality in (3.6) is valid for this choice of R, and any a < a; := 47. The inequality on the right in

(3.6) requires more work to achieve. The key is the following result on “thick tails”:

3.3 THEOREM (Thick tails). Let p be a density of mass M such that W3(p, 0)) < co. Then for n, := %6’1/5
and any s > 1,

[ ez e e [ @) de = e s (3.9)
o[22 2s? J2[2> X2 1+ 52
and M
4 o 4
/ p(z) dz > n.e” veats L) / oa(z)dx = s o= v Ale], (3.10)
o[22 282 |z]2> As2 1+s?

Proof: Let 0 < 7, < 1/5 to be fixed later. Fix any s > 1 and define 7 by

f\z\2>/\52 p((E) dz
n = 2z . (3.11)
f\m\22/\52 Q/\(-T) dz

We may assume that 1 < 7., or else there is nothing to prove for this s.
Let V¢ be the gradient of a convex function such that Vo# oy = p. Define r := v/As, and define

A={z : |z|>r and |Ve(x) <r}.
Then since on A, |[Vo(z) — x? > (Jo| — r)?,

Wilp.00) = [ Vela) ~alPorda > [ (la] =)o da

We now claim that

[ovar= - /sz ox(z) dz (3.12)
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Assuming (3.12) for the moment,
w§<p,msz{/~<|z|rmdx Acqlelzn, [odz0-n [ o@ dx} ENCRE)
A A |z|>r

By the “bathtub principle”, the infimum is achieved by choosing A to be the level set of (|z| — )2 in {|z| > r} that
has the minimal mass, that is, A = {a : r <|z| <7 } where 7 is such that

/ g,\dz:(lfn)/ ox(z) dx,
r<|z|<F x| >r

which is equivalent to

/12;9’\(1”) dz = n/mzr ox(z) dz .

By direct computation, this means MA/(A+72) = nM\/(A+7?), and then since n < 1, this means that 7% > r2/n.

In fact, since n < 1/5, 7 > 2r, and so the optimal set A in (3.13) contains {z : 2r < |z| < r/,/n}. Therefore,
combining the last estimates with (3.13),

1
W2(p, 01) 2/ (j2] = )20x dz > lo20n dz .

2r<|a|<r/ i 4 /2rgzgr/w7

Now recalling that 7 = v/As, explicitly calculating the integral yields

W00 2 4 [los (7557) + (41) e )

Remembering that s > 1 and n < %,

2 2 2
s/ sm_ 14 4L s sy L
1+ 4s2 552 By n) (1+s2/n)(1 + 4s2) n/) 5(1+n) 5
Therefore, fixing 7. := e~1/%/5 < 1/5, we get

n Z n*eiﬁwg(gvgk) .

Combining this with (3.11) yields (3.9). Thus, to prove (3.9), it suffices to prove (3.12). By definition,

/g,\d:c:/ g,\dSCZ/ Q/\dz*/ ox dz
A {lz|>r}n{|Ve(z)|<r} |z|>r [Veo(z)|=r

:/ QAdSC*/ pdy:/ gxdx*n/ oxdz ,
|z|>r ly|>r |z > || >r

and this proves (3.12). Finally, (3.10) follows from (3.9) and the Talagrand-type inequality, Theorem 2.4. |
Now note that, by the definition of R, R?/\ > 1, and hence Theorem 3.3 implies that

/ p(x) dax > 77*@_ x/-n—%vf)\,H)‘[p] / Q)\(.’L') dx .
o> R41 |2|>R+1

Then since
8w\

ox(z)der > —— .
/aczR-i-l ( (R+1)?
Thus, with R as above and

-2

— Al Halp)
ag 1= 8T, e Vamx <4\/X (1 + +2 < 87,
VM
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the second inequality in (3.6) is also satisfied.

Proof of Theorem 1.9: Most of the work is now done since (3.6) is satisfied by choosing @ = min(ay, az). We need
a final argument to take care of the control for the negative contribution of the entropy in terms of the localization
of the mass of the distribution known as Carleman-type estimate.

3.4 LEMMA (Control on the negative part of the entropy). For any density p € LY (R?), if the moment
Jgz m(z) p(x) dz is bounded with e”™@) ¢ LY(R?) and m : R§ — R, then

/}R2 p(x) log_ p(x) dr < /}R2 m(x)p(r) dr + 1 /}R2 e~ (@) qp

e

Proof: Let p:= px{p<1} and M = [, p(z) dz < [, p(x) dz = M. Then
/ p(x) (logp(x) + m(z)) dz = / [U(z)logU(x)|pdz — M log Z
R2 R2

where U := p/p, p(z) = ™) /Z with Z = [, e"™@ dz. The Jensen inequality yields

/]R2 [U(z) logU(x)]pdz > (/]R2 U(x)p dx) log (/]R2 Ul(x)u dx) — M log M

and
—/ p(x) log_ p(x) da = / p(x) log p(x) dz > Mlog M — M log Z — () p(z) de
R2 R2 R2
A
>——— [ m(z)p(z)de .
€ R4
|
To control the negative part of the entropy in (3.7), use Lemma 3.4 with m(z) = /A + |z|?> and Lemma 1.11:
a L[ m@
- plog_pdx > — plog_p>— m(z)p(x) de — - e dzx
16m —a R2 R2 R2 € JRr2
1
> — 2V AM — 2M3 AN m) YA - = [ e @ dx .
€ JR2
This gives the final control on the positive part of the entropy from (3.7):
Frkslp] > / plog, pdx —2C (8w, o, \) — 327« log / VA+ |z]2pda
16m —a Jgro R2
1
— 2VAM — 2M3 ANV HAp) - = | e ™ de (3.14)
€ JRr2
Finally, we choose u
= 16m —a
where a is given just above and an explicit expression for Cocr follows from (3.14). |

3.2 Concentration control for D

Proof of Theorem 1.10. While in the proof of Theorem 1.9, we used a “horizontal splitting” of p, here we use a
“vertical splitting”: Let f := p'/4. For 8 > 0, define fz := min{f, 3'/*} and hs := f — f5. We have

7r2)[p]:87r/]R2 |Vf|2dx—7r/sz6dx. (3.15)
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Defining Ag = {z : f(z) > Y4} = {x : p(zx) > B}, we get
Pao= [ ok [ aap do= [ fSde-gPl 4 [ (e 8. (310)
R2 R2\Ap Ag R2 Ag
By the convexity of z — 2%, for any n € (0, 1)
/ (hy + 8V dz < B 40 + %/ 1S de (3.17)
Ag K (1—=n)° Ja, 7

y the inequality < , and plugging (3. an . mto (3.15), we obtain
By the i li g< Bf4 d pluggi 3.17 d (3.16) i 3.15 btai

1
nD[p] > 8w / IVfI? do — L{)/ hS do — 872/ — 7 p*/? <—5 - 1) |Ag] - (3.18)
R2 (L=n)° Jr2 n
By the GNS inequality, Lemma 1.2, applied to hg:
f%/ hgdxzf/ \Vhs|? da <;5/ n dz> . (3.19)
(1=n)5 Jpe R2 (1—=n)5 Jpe
By definition of fg and hg, V fg = 0 in the support of hg so that
/ IVf]?de = / IV f5]? dz +/ |Vhs|? dz. (3.20)
R2 R2 R2

Using (3.19) and (3.20) in (3.18), we obtain

1 1
WD[p]ZSﬂ/ IV fs? dx+(87r—75/ hgdx)/ |Vhg|? de — 872\/B — n 33/? (—5—1) |Ag| . (3.21)
R2 (1=n)° Jge R2 n

We obtain a result of the type we seek under any conditions that ensure the second term on the right is positive.
Our first approach uses Theorem 1.9, and so requires that both Fpks[p], and Hx[p], for some X > 0, be finite.
By (3.1) once more and Theorem 1.9, we get for all o > 0,

/ h?, dz = / lagpdr <« </ plogpdx + e(l/o‘)1|A5|> < QM + et 4, (3.22)
R2 R2 R2 gé!

This sort of estimate is frequently used in large deviations problems. Now choose n = 1/2 in (3.21), and then
choose «a so that the first term in the right hand side in (3.22) is 7/8, we have, for this choice of 7 and «,

1 4 1/a)—1

By Chebychev’s inequality, |Ag| < 87, and so we can choose 3 so that for any v € (0,47),

1 4
- >
(5=t [ rbae) 20,

as was to be shown with Cccp := 24872y/B. Though we have explained how to compute (3, we shall not write
down a formula. This proves the first part of the theorem.

As for the second, note that we used the bound on Fpkg only to obtain a bound on the entropy which was used
in (3.22). However, if we have by other means a bound on the entropy, we can use that in (3.22) in place of the
bound on Fpkg. This proves the final part of the theorem. [ |

4 Analysis of the discrete time variational scheme for the critical mass
PKS system

From now on, we will assume that the mass is 8.
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4.1 The Jordan-Kinderlehrer-Otto scheme for the critical mass PKS system

The Jordan-Kinderlehrer-Otto (JKO) scheme for constructing solutions to (2.6), as described in Section 2, would
be to fix a time step 7 > 0, and inductively define the sequence {p*}ren by setting pg to be the initial density, and
then for k > 0,
W2 ) k
pFtt e argmin{% + g[p]} . (4.1)
In other words, p**! is some minimizer of the functional p — W2(p, p*)/(27) + G[p]. Only existence of the
minimizer is an issue, and not uniqueness, although in many examples that have been investigated a strict convexity
argument furnishes the uniqueness. The key point is existence of a minimizer, since that provides a solution of the
Euler-Lagrange equation for the minimization problem in (4.1). Then, as shown in [26], the fact that each pk*!
satisfies this Euler-Lagrange equation means that, under certain conditions on G, if one defines g, by

pr(t,z) = p¥(x) for kr<t<(k+1)r, with p,(0,2) = po,

there is a sequence of values of T tending to zero along which 5, tends to a solution of (2.6) in a suitable weak sense.
This scheme of constructing weak solutions of the PKS system for M < 87 was developed in [5]. However, for
M = 8w we can not proceed in a very direct manner. Our problem lies outside the scope of previous applications
of the JKO scheme, since at the critical mass M = 8w, (1.5) provides no upper bound on £[p], and hence, it is not
even clear that minimizers exist for the variational problem in (4.1) when G = Fpks and M = 8w. Our controlled
concentration inequalities could be used to solve this problem, but other more thorny issues arise when we would
try to analyze the Euler-Lagrange equation.

To circumvent these difficulties, we introduce a regularized functional. In fact, for reasons that will become
evident later on, we shall even be forced to choose a different degree of regularization at each time step.

4.2 Regularization of Fpkg

Let 1
L e
~y(z) 5 ¢
be the standard Gaussian probability density in R Then, for all € > 0 define v.(z) = ¢ 2y (z/¢), and define
the regularized Green’s function Ge = 7y, * G * 7., where * denotes convolution, and G(x) = —1/(27)log|x|. The

radially symmetric, C> probability density v ; is the fundamental solution of the heat equation satisfying for

t>0, z € R
0 1
o Vi T gt vi

It follows that

0 1 1 0
&G*yﬁ = §AG*7\/Z =30 and thus, aGe = —2€ey9c . (4.2)
The right hand side is strictly negative everywhere. From this we deduce a useful monotonicity property:
€ <e2 = Ge(x)>G,(x) (4.3)
for all z € R?. Let us point out that
§ 2 ||
@Ge = =292 — 86" Ay =20 - Vyae + 272 =2 (1 — 12 ) e (4.4)

since . satisfies €2Ay, + div (27.) = 0.
4.1 LEMMA (First properties of G.). Let G be defined as above then:

(i) For all x € R?, G.(z) < G(x).
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(ii) There exists C > 0 such that for all x € R?, G(x) < Ce 2.
(iii) For all (z,y) € R?,
1
Gelw —y) > =~ [4+1og (e + 2*) +log (e + |y[*)] -
Proof: (i) As « is radially symmetric and subharmonic in R? so that, by the mean value property the first item

holds.
(ii) Since log_ |x| is locally integrable in R?, for any x € R?

1 C
G () = Gz —y)ve(y) dy < — log_ |z —yl7e(y) dy < — .
lyl<e 27 Jyy|<e €

since vy is bounded. Thus, we get

Ge(w) < Q/Rnye(z) dz = 92

€2 €
(iii) From the elementary inequality |z — w| < |z| + |w| < 2max{|z|, |w|}, we obtain
log |z — w| < log2 + log |z| + log |w| .
Therefore,
1
Gz —w) > —%(2 +log |z| + log |w]) .

Integrating both sides against v.(x — 2) v.(y — w), and using Jensen’s inequality, we find

Gelo =)z —5- [2410g ([ oo = 2)as) +1og ([ fulvely - w aw)
> o (2410w (Jol+ [ vtz az) 1og (1 + [ fulsetw) aw)
1
po

> —— [4+1log (e + [z]*) +log (e + [yI*)] ,

at least for € small enough so that [y, |2]7e(2) dz is small enough. |

One of the main uses that we will make of the regularization of the self interaction functional is that it provides a
regularized density for the chemical attractant: given a mass density p, we define the reqularized chemical attractant
density c. by c.(x) = G % p(x).

4.2 LEMMA (Uniform estimate regularized chemoattractant). For all € > 0 and all densities p with mass 8,
the regularized chemical attractant density cc = G * p satisfies

4 CHLS

[Veelloo < 171133

and
CHLS |

lz[Veelloo < 8CuLs [1llayalllzlyllays +4 + ==

V35 zlolls - (4.5)

Here Cyrs denotes the constant of the sharp Hardy-Littlewood-Sobolev (HLS) inequality [31] for the special
case p=q=4/3:

J[. @) ow) dedy < CunsFlagslglss - (4.6)
R4 x R4 |z —yl

Though the explicit value of Cyrs is simple enough, see [31], our bounds and their proofs will perhaps be easier to
read if leave Cyrg unevaluated in them, as a marker of the use of the HLS inequality.
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Proof: By the Young inequality, we have ||[V¢|loo = ||[VGe * plloc < 87T ||VGe||co- And by the HLS inequality,

CHLS

1 CHLS
VGl < 3= [ o= 2) o el =) d dw < 22 g = S
X

Using the triangle inequality |z| < |z — z| 4+ |z — w| + |w — y| + |y| we have
|lz[Vee] < 2[([zlye) * VG *ve * pl + [7e * pl + |ye x VG 5 ve x [z]p] -

Using the Young and HLS inequalities, see (4.6), we obtain

CHLS

lz[Veelloo < 8 Crus llzlvellays [vellays +4+ == Iellzs llzlol,

1/2

and the second part of the result is obtained by using |[vell4/3 =7"/* [[7]l4/5- |

Using the regularized Green’s function G., we introduce the regularized self-interaction functional W:

//]R2><]R2 (x —y) ply) dz dy .

4.3 LEMMA (Continuity of the regularized interaction energy). Let p1 and py be any two densities in R? of mass
8 bounded in L'(R? log(e + |z|?)). Then, for all 0 < e <1,

3 _
|We[p1] - We[p2]| < |:; + 2Ce 2:| ||p1||L1(R2,log(e+|x|2) dz) ||P1 - p2||L1(R2,log(e+|x|2) dz) (47)

Moreover, let {pn}nen be a sequence of densities all bounded in L'(R?,log(e + |z|?)) uniformly in n. If {pn}nen
converges weakly in L'(R?) to p, then for each ¢ > 0,

Welp] < Timinf We[pn] .
Proof: By definition of G.:
Wl = Walp =7 = [ VG pref? () dz 0.
Using p := p1 — p2 we write

Wil =Wl =Wl +2 [ i+ Gul) oy da 22 [ [peGil e (45)

Then combining Lemma 4.1 and (4.8), we obtain
Wilor] = Wilp) 22 [ / ) p) dyde+2 [[ o) Gula - ) o) dydo
> p<0

2——//>0 )[4+ log (e + |z[*) + log (e + [y|*)] p(z) dy da

+2—// z) dy dx
<0

3
> - + 2 leHL1 R2 log(e+|z|?) dz) Hp”Ll(]R2 log(e+|z|?) dz) -

Now swapping the roles of p; and pa, we obtain (4.7).
By Lemma 4.1 {p, }nen bounded in L'(R? log(e + |z|?) dz) uniformly in n implies that p, * G. is bounded in
L°°(R?) uniformly in n. Since {py, fnen converges to p weakly in L!(R?), then p, * (xgr G¢) — p* (xr G.) point-wise
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for given any cut-off function yr with support in B(0, R) and thus p * G. € L*(R?). Therefore, applying (4.8)
with p; =: p and ps := p,, we have

liminf (W, [pn] — W.Jp]) = lim 2 /R %G (pn — p)dz =0,

n—oo n—oo
where we have used the weak convergence on the right hand side. |
We are now ready to introduce our regularized free energy functional.

4.4 DEFINITION (Regularized free energy functional). For all 0 < e < 1, define
. 1
Fowslol = [ o@)logp@)de 5 [ pla)Gula =) plo) dudy
R? R X R?

on the set of densities p of mass 87 such that p € L'(R?,log(e + |z|?) dz) and plog p is integrable.
The following lemma is an immediate consequence of (4.3):

4.5 LEMMA (Monotonicity in €). For all densities p of mass 87 such that p € L*(R? log(e + |z|*)dz) and plog p
is integrable, € — Fiiglp] is monotone decreasing in e.

Note that by Lemma 4.1 (i) and (iii), p (G * p) is integrable for p € L*(R?log(e + |z|*) dz). Moreover, by
Lemma 4.1 (i)
prslpl = Frkslp] - (4.9)

In particular, by the sharp log HLS inequality, see Lemma 1.1
Fikslpl = —C(87) = 87 (—1 +log8) . (4.10)

By Lemma 4.1 (iii), we have the upper bound independent of e:
Frkslo] < /R p(x)log p(z) dz + 327 + 2| pll L1 (r2 10g(e+10[?) da) - (4.11)

4.6 LEMMA (Error estimate for regularized free energy). For all p € L}r N L3/2(R2) with mass 8w, and all

< (2/e)71,
€< (2Ve) E "
Fokslp] — Fexslo] < Oy lplly)s e

Proof: We use Holder’s inequality and Young’s inequality for convolutions to get

brslol — Feslo] < [loli/3Ge = Gll2 -

Holder’s inequality gives Fixglp] — Frkslp] < V8w ||p|\§§§||GE — G||2. Since G € L, (R?), then G.(z) — G(z) a.e.
in R? as ¢ — 0. By Lemma 4.1, G, < Gz < G for 0 < € < e. This implies that ||G. — G||2 is non decreasing in ¢

and it has zero limit as e — 0 by monotone convergence theorem. Moreover, the same arguments also show that
lim (|G = Gella = [|Ge = G|z
€—0

On the other hand, using (4.2) and (4.4) for |x| > 2¢, we get for any fixed z € R?

9 6. (w)

Ge(x) — Ge(z) < (e—¢) 5%

< 2€2, (x)

where second-order Taylor expansion at € of the function G.(z) for 0 < € < € was used and the second order term
is nonpositive due to (4.4). Taking the limit € — 0 and integrating, we deduce that

1/2
</| - (G(z) = Ge(2))? dw) < 2¢ vl
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Since G < G, we can thus directly compute
1
/ ‘ (G(x) — Ge(x))? dz < 4/ . |G(2)]* dz = 167 € <§ —log(2¢) + (1og(26))2) .
T|<2e z|<2e

Finally, simple computations show that when |log(2¢)| > 1/2, the term in parentheses on the right in no greater
than 5[log(2¢)|?. Collecting all together leads to the result with C., explicitly computable. |

4.3 Existence and first properties of the JKO scheme minimizers

Let S denote the set :

S:={peL'(R?: /

pla) de = M. Walp. 02) < 50, €[] < ox, [ [alp(o) do < o0}
R2 R2

By (4.10), the functional

W2
— 2([), pO)
2T

is bounded from below on S. The next lemma asserts that it has minimizers, and begins the task of their analysis.

+ ‘FngS[p]v

We state this lemma for a single step since we shall be changing the value of € from step to step.

4.7 THEOREM (Existence of minimizers). Let A >0, 0<7 <1 and0<e<1. Forallpy €S

W%(pv pO)
in§ ——— + F¢ 4.12
argrglelg{ o T pxso] (4.12)
is not empty, and each minimizer p belongs to S. Moreover, there exists K1 > 0 depending only on E[pg] and
Sz [xlpo da such that Foyglp) < K.

Proof: Let {p®)}1en be a minimizing sequence i.e. such that

(W3 po) | . [ WE(p,00) | e
Jlim (72 5 Foxslp™] ) = inf § =2+ Fouslol ¢

By what we have noted just above, the infimum on the right hand side is finite. The following observation is the
starting point for obtaining all of the bounds we need: Considering the trial function p = pg itself, one sees that

we may suppose
W% (P(k) ) Po) W% (007 Po)

+ Foxslo™] < + Fpkslpol = Fpxslpol

2T 2T
for all k. Consequently, for all &,
bics[p™] < Focslool and W3, po) < 27 [Foxcslool - Foxslp™]] - (4.13)

We first bound W2 (p(*), 0)) uniformly in k. Since pg € S, (4.11) ensures that Fsxg[po] < oo, and provides a
bound depending only on €[pp] and [g, [#po dz. Then (4.10) provides a universal lower bound on Fgxg[p*], and
thus by (4.13), there is a finite constant K depending only on E[po], and [p. |2|po dz such that for all &,

Fixslp™] < Ky and W3(p™, po) < Ky . (4.14)

In particular, by the triangle inequality, for all k, Wy (p®), 0x) < VK1 + Wa(po, 0x) < 0.

We next bound the first moments of p(*) uniformly in k. Let V¢ be the optimal transportation plan Ve#p(F) =
ox. Then since |z| < |[z—V(x)|+|Ve(x)| for all z, integrating against p(*) and using the Cauchy-Schwarz inequality
yields

/ lz| p®) (2) dz < V87T Wy (p®), 0y) +/ || ox () dz < V87 [/ K1 + Wa(po, 02)] +/ |z| ox(x) da .
R? R2 R2
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The right hand side is finite and independent of k.
We next bound £[p®)]. By part (ii) of Lemma 4.1, there is a constant C' such that

C (87)? C (87)? C (87)?
( ) S ‘FE)KS[pO] + (62 ) S Kl + (62 ) B

[ @10 ) do < Fouslp®) + 5
where we have used (4.14) once more. Again the right side is finite and independent of k.

The last two uniform bounds show that {p(k)}keN is uniformly integrable. Hence, by the Dunford-Pettis theorem,
there exist a weakly in L' convergent sub-sequence whose limit we shall denote by p.

By a standard weak lower semicontinuity argument (see e.g. [2] for the weak lower semicontinuity of W3), p
satisfies each of the three bound that we have proved uniformly for {p®)} e, and thus p € S.

It remains to prove that the functional F§y ¢ is lower semi-continuous on L'(R?). For the entropy part, this is
standard. For the self interaction part, this follows from Lemma 4.3. So that

Firslp) < liminf Fogslp®] < K . (4.15)
Finally, the weak limit p is a minimizer. |

4.8 PROPOSITION (Strict positivity of the minimizers). Let poy satisfies the conditions of Theorem 4.7. Then
any minimizer p of (4.12) is uniformly bounded below on compact sets, i.e. for all R > 0, there exists s > 0 such
that

p(x) > s almost everywhere in Dg :={z : |x| < R}. (4.16)

Moreover, s does not depend on the chosen minimizer of Problem (4.12) in case of non-uniqueness.

4.9 Remark (Idea of the proof). Let us try to quantify this simple statement: Entropy abhors a vacuum. The
functional derivative of E[p] is logp. On any set where p is very close to zero, log p is very negative, and we can
lower E[p] by transporting some mass from where p is relatively large to this spot where it is very small. This will
lower the entropy by a very large multiple of the transported mass. On the other hand, if we do not have to transport
the mass too far, the effects on W3 (p, po) and We(p) will be relatively small.

Proof: For any s > 0, let

Agr(s):={x € Dg:p(x) > s} and Cg:= / p(x) dz.
Agr(2/R?)

For any s > 0, let agr(s) := {x € Dg : p(x) < s}, and let |ar(s)| denote its Lebesgue measure. By Theorem 4.7,
|z|p(x) is integrable, and hence

/DRP(w)d:C:/]Rzp(x)dx—/m>R/)(:E)dx287r—/R2 %P(ﬂﬁ)dxzélﬂ,

as long as 4R > [, |z]p(z) dx.

If |ar(s)| = 0 for some s > 0, there is nothing to prove: p is bounded below uniformly by s on Dg. Therefore,
suppose that |ag(s)| > 0 for all s > 0. Pick some small positive numbers ¢ and s, and define a new density p by
transporting a mass § Cr |ag(s)| from Ar(2/R?) to agr(s), distributing it uniformly there, which raises the density
there by § Cr. In formulas, choose s < 2/R? to have agr(s) N Ar(2/R?) = 0, and define a new density p by

(1 —élar(s)) p(z) x€ Ar(2/R?),
p(r) = p(z) + 6 Cr x € agr(s),

(
p(z) otherwise.

In order to ensure positivity, we have to impose d|ag(s)| < §7 R? < 1/2. In this way, it is easy to check that p is
a density.
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Note that ||p — p|l1 < 2d|ar(s)|Cr, and since all the modifications take place on Dp,

17 = pll 182 tog(et]af?) dz) < log(e + R?) 26 |ag(s)| Cr -

It now follows from the bounds on p derived Theorem 4.7 and from Lemma 4.3 that there is a constant K depending
only on R, €, E[po] and Ha[po] such that

Welpl < Welpl + 6 |ar(s)| K . (4.17)

Using Taylor’s expansion of z — xlog z, that log = is increasing and assuming s < § C'g, we obtain

[ rosp-plogaldo= [ {(1=lar(s))plogl(L - Slan(s)) sl - plogp} da
R2 ARr(2/R?)
+/ [(p+3Cr)log(p+3Cr) — plogp] da
ar(s)
< —d|ar(s) plog[(1—14|ar(s)])p] de + 0 |agr(s)| Crlog(20 Cr)
Ar(2/R?)
< dlagr(s)|Cr {— log (%) + log(246 CR)] ) (4.18)

where 6 |ag(s)] <1/2 and z € Ar(2/R?) were used in the last estimate.

To estimate the difference W3 (p, po) — W3(p, po), let II denote the optimal coupling of p and pg, and use it to
define a non-optimal coupling II of p and po. To do this, let i be the measure supported on Ar(2/R?) with density
p, and hence total mass Cr. Let v be the dz—uniform distribution on ag(s) with total mass Cg. Let Vi be the
optimal transportation plan with Vy#u = v, and define the map 7 : R? — R? by

T() = {vw(x) v € Ap(2/R?)

T otherwise.

Then I, given by I = (1 — &|ag(s)|)II + 8|ar(s)|(T © Id)#I1 is a coupling of 5 and py, and hence
Wi < [[ | Jo-yP diiGey)
R2 xR2
= (1= an(=)) Wi(oup) + Slan(a)| [[ | [T@) =P dfiGe.p).
X

Then, since |T'(z) — y|? < 2|T(x) — x|* + 2|z — y|?, and |T'(z) — z| < 2R, since all of the transportation induced by
V) takes place inside Dg, it follows that

W37, po) < (1+dlar(s))) Wa(p, po) + dlar(s)|(87)* 8R? .

By bounds on p derived in the proof of Theorem 4.7, there is a constant K depending only on E[pg] and Hx[po)
such that W3(p, po) < K7. Finally then, there is a constant depending only on R, 7, £[po] and H,[po] such that

W2(7, p0) < W2(p po) + blan(s)| K . (4.19)
Combining (4.18), (4.17) and (4.19) yields

W%(ﬁa pO) W%(pa pO)

€ <
o7 + Fpxslo] < 97

1
+ ol + 3lan(s) Cr | 10g 3z ) +108(20Cr) + K|
with a given constant K’. If |ag(s)| > 0 for all s > 0, then choosing ¢ small enough such that

1
—log <§) +10g(20Cr) + K' <0
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contradicts the optimality of p. For instance, choosing sp = §/Cg, the procedure described above can be carried
out, and we conclude that p is bounded below by sz on Dg. This proves (4.16). |

We now continue the analysis of the minimizers p begun in Theorem 4.7. We obtained p € S and the lower
bound (4.16) directly from the variational principle, but to proceed, we need the Euler-Lagrange equation for the
variational problem (4.12).

By the Brenier-McCann Theorem, there is a a lower semi-continuous convex function ¢ in R? such that Vo#p =
po, and Vi is uniquely determined on the support of p, which is all R? by (4.16) . The Euler-Lagrange equation
for (4.12) relates p, pp and V:

4.10 LEMMA (Euler-Lagrange equation). Let po satisfy the conditions of Theorem 4.7 and p be any minimizer

for the variational problem in (4.12), and let Vi be the unique gradient of a lower semi-continuous convex function

such that Vo#p = po. Then the distributional gradient of p satisfies

id— Vo
T

—Vp+pVee = (4.20)

where ce = G¢ x p. In particular, since ce is differentiable everywhere, and ¢ is differentiable almost everywhere, p
is differentiable almost everywhere.

The proof follows exactly the original procedure in [26], see also [5, Theorem 3.4], and we skip it here for the
sake of brevity. The interested reader can see the details in the preprint version of this paper.

4.11 LEMMA (Qualitative regularity estimates). Let po satisfy the conditions of Theorem 4.7, and let p be any
minimizer for the variational problem in (4.12). Then \/p has a square integrable distributional gradient, and for
any 1 < p < oo, pP s integrable.

Proof: By the positivity of p, see Proposition 4.7, we can divide both sides of (4.20) by ,/p, to obtain

z— Vo

2v 5= (e ).

where Vo is such that Vp#p = pg. By the triangle inequality,

1/2

2093l < ([, Ve ple) dz>m #2 ([l Tetlota) a )

< (/R Ve ()2 p(a) dx>1/2 + %Wg(p, po) (4.21)

By Lemma 4.2, ||Vcc||o is uniformly bounded, and so is the first term of (4.21). This proves that \/p has a square
integrable distributional gradient. The integrability of p? is then a consequence of the following classical version of
the GNS inequality valid for functions on R? with p € [2,00)

p/2-1
/ [v|P dz < D, [/ |Vol? dx] / |v|? da
R? R? R?

applied to v = /p. |

4.12 Remark. Although the bounds in Lemma 4.11 are not quantitative, and would certainly be € dependent if we
were to extract quantitative bounds, we shall use them only to justify certain integrations by parts, and otherwise
show that substraction of infinities does not invalidate computations that follow. Thus, these qualitative estimates
are all we require concerning V\/p and p. However, they are absolutely crucial for their purpose, and their necessity
is the main reason we have had to introduce the regularized Green’s function G, and along with it, the regularized
chemical attractant. Without the regularization, we would only know that 2V./p — Ve \/p was square integrable —
but the possible cancelation effects would not allow us to conclude that V./p was square integrable.
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4.4 A discrete form of the entropy-entropy dissipation inequality

Our main goal in this subsection is to prove a discrete version of the entropy-entropy dissipation inequality (1.15).
The key idea is to use the k) displacement convexity of Hy and the “above the tangent” inequality for convex
functions as follows: For given initial density pg, let p be any minimizer for the variational problem in (4.12). Let
ug, 0 <t <1 denote the displacement interpolation between p and pg starting at p and ending at pg. Then ug = p
and u; = pg. Since H, is displacement convex, the “above the tangent” inequality for convex functions says that

+ 1A W3(p, po) < Halpo] -
t=0

d
Halp] + &Hk[ut]
A formal computation of the second term on the left would give, for e = 0,

gH)\[ut]

T =Dlp] .

t=0

Indeed, assuming Lemma 2.3 holds for § = ¢ = 0 applied to up = p and u; = pg, we get

Halpl < Halpol - 5 [

\Y
. |:/<L)\$ + pg—g} (Ve(x) —2) pdr — kx W3(p, po) -

Using (4.20), i.e. (Vp(z) —x)p =7 (Vp — pVc) and expanding, we can rewrite this as

Vp|” Ve Vp / /
dx — ——— dz — k) x-Vepdr + Ky x-Vpde
/]RZ P3/2 R2 /P R2 R2

— KX W% (pa PO)
=Halpo] = 5 [(1) + (1D + (IL1) + (IV)] = 2 W3 (. o) -

Halo] < Haloo] — 3

Using —Ac = p we have

(H):f2/ vc-v\/ﬁdz:&/ p>? da .
RZ

]R‘Z

Using the symmetrization argument we obtain

1 2
(I11) = KA~ </]R2 pdx) = 167k} .

And by integration by parts (IV) = —167xy, resulting into Ha[p] < Hxlpo] — 7D[p] — ka W3(p, po)-

However, to do the calculation in a rigorous manner we must take into account that € > 0, and we must use the
regularized entropy functional H) 5. Before proceding with this, we point out that no such estimate can be given
for Fpks since this functional is not displacement convex.

4.13 LEMMA (Convexity estimates at the regularized level). Let po satisfy the conditions of Theorem 4.7, and
let p be any minimizer for the variational problem in (4.12), then
T

- A Y
%A,S[P] _%A,S[PO] 2 Jeo (p+5)3/2

— 167rAT + 2Cc || 12f5 — ral (1 + |2])pll17 +

dz + T/ p*/% dx +16 7 Vor +167Vo(J, + 1+ Co)r
RZ

167 J,

V2

rer [l filaPlola) do

- K(S(p()ap) )

and

T

V 2
Haslp) <Haslpol — §/Rz ( Vol

mdx—i—r/ P>/ dz + 16w Vor +167V6(J, + 1+ Co)r
R2

327 CHLs
= 16miar +2Cc |20 = kAl L+ lal)plh T+ === Velllal Ylays lollaysm

+2r / VLo fiePpla) dz — Ka(pop)



hal-00512743, version 2 - 7 Sep 2011

BCC September 7, 2011 34

where Ks is defined in Proposition 2.2 and the constants J., C’E, and C¢ are explicit constants.

Proof: This is an elaborate calculation in which a number of integrations by parts operations must be carefully
examined for boundary behavior. It is relegated to the Appendix. |

As a consequence of this lemma, letting  go to 0, we obtain the following result concerning the dissipation of
‘H» in one discrete time step.

4.14 COROLLARY (Convexity estimates). Let pg satisfy the conditions of Theorem 4.7. If p is any minimizer
for the variational problem in (4.12) then

Halp] < Halpol = 7Dlp] + 7 Alvllays — 5aW3(p po) (4.22)

and
Halp] < Halpo] — 7 Dlp] + 7ve Allpllajs — saW3(p, po) - (4.23)

where A = 32m(2A)~Y2Cus |||z] ¥l 4/3-

Proof: Let us first observe that
|Vl fiel ooy dn = [ | [25500) + 20 1) plo)

Let us recall from the proof of Proposition 2.2 that 2f5(s) ,” kx and f§'(s) — 0 asd — 0 for all s > 0. Moreover, we
have that sf§'(s) is a bounded function uniformly in ¢ from (2.17). These properties together with the dominated
convergence theorem leads easily to

126 = sl @+ lapl 0 and [ V- fo fi(laPlpe) do > Seam
R
as § — 0, since (1 + |z|)p € L'(R?). By monotone convergence theorem, we obtain
2 2
1im/ & dx :/ Vol dx
50 Jg2 (p+0)3/2 r2 P2

Putting together all these facts and Proposition 2.2, we can pass to the limit as § — 0 in Lemma 4.13 to get
the desired estimates (4.23) and (4.22). |

4.5 One-step estimates

Neither of the one step dissipation estimates that we have so far, namely (4.23) and (4.22), are exactly what we
need. The problem is the term 7A|v|4/3 in the first of these, and the term 7A|pll4/3 in the second of these.
These terms might be large compared to the other terms so that these estimates might even give only “negative
dissipation”.

In the first main result of this subsection, we use one and then the other of these inequalities in combination
with the controlled concentration inequality of Theorem 1.10 to produce the kind of dissipation estimate that we
really want. In the second main result, we show that LP norms of the densities are essentially propagated along
each step of the discrete variational scheme. Again, Theorem 1.10 plays a crucial role in both proofs.

4.15 THEOREM (One-step theorem). Let po satisfy the conditions of Theorem 4.7, p be any minimizer for the
variational problem in (4.12), and choose any C,, such that

Halpo] < Cpy - (4.24)

Define Qo >0, 75 >0 by

: Qo
Qo:=C,, — H and T3 = mln{i , 1o 4.25
0 P /\[pO] 0 214”’7”4/3 ( )
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where A is the constant given in Corollary 4.14. Finally, given Qo and 0 < 7 < 75, and also any positive integer
L, let €y be given by

7'1/3\/5 [8 ml/3 A7;2/3 (mCpy + TSC’CCD)Q/3 = %722_5 )
Then for all 7 < 15 and all € = ¢, p satisfies
Frslp] < +oo,  Halp] < Cp, (4.26)

and
Halp] — Halpo] < —7Dlp| + %7224 — kAW3(po, p) - (4.27)

Proof: By (4.22), our choice of 7 and Qg in (4.25) implies that

Halo] < Halpo] — 7Dlp] + L = Cyy — Qo —Dlp) + L <y~ 7DYy] (4.28)

On one hand, the GNS inequality, see Lemma 1.2, implies D[p] > 0 so that (4.28) implies that p also satisfies (4.24).
On the other hand, since Hy[p] cannot be negative it implies

Dl < S

T
Moreover, by the monotonicity of € — Fpyg[p], Lemma 4.5, and (4.15), Fpks[p] < Fpgslp] < +00. We can thus
apply the concentration controlled inequality, Theorem 1.10 which implies

J.

By the GNS inequality of Lemma 1.2, we have

/ p3/2dz§8/
R2 R2

Next, by Holder’s inequality,

2/3 O\ 23
/ p*3 da :/ pBpde < (8m)Y/3 </ p3/? dz> < (8m)'/3 <—3) .
R2 R2 R2 T

Now using this bound in (4.23), we obtain

1742 1 1
Vo ‘ dz < o [D[p] + Ccep] < ~

1
— [WCPO + TSCCCD] .
V2
2 18 C
Vp1/4‘ do < == [7C,, + 12 Cecp] = = . (4.29)
T Y2 T

Halo] — Halpo] < ~7Dlp) + 773 /e [A(8m)/3C27] — maW3(o0. )
We thus obtain the stated result by choosing € = ¢, for any positive integer £. |

4.16 LEMMA (Propagation of the LP-norm). Let po satisfy the conditions of Theorem 4.7. Assume additionally
that po € LP(R?), 2 < p < oo, and let p be any minimizer for the variational problem in (4.12), then there exists

Ko > 0 which only depends on / pllog p| dz such that for all K > K
R2

/(pr)ﬁdzg/ (po — K)% da + 7A; +7ADp] ,
R2 R2

where Ay and As are universal positive constants depending on K.

Proof: The displacement convexity of the functional

p— | (p—K) do
RZ
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with 2 < p < oo and K > 0, is easy to check using McCann’s criterion (2.8). The Euler-Lagrange equation of
the variational scheme (z — V) p = —7Vp + 7pVe, together with the standard first-order displacement convexity
characterization [44, 2] imply

/}R{Z(p*K)’idx*/(pOf K)§ dx < p/RZV{(p*K)Tl}(wax)pdx

<=1 [ IV K0 (o - K) 7 da

Jr(pfl)T/RZV[(pf K)h ]Vced$+pTK [(p K%~ 1]Vcedz
S_wT/RQV[(p—K)ﬁ/Q” dz + (p T/]Rz (—Ac.) dx

+prK Rz(p—K)i_l(—AcE)dx =7( + I + I3) . (4.30)

The last two integration by parts have to be justified for any given ¢ working as in the proof of Lemma 4.13 in the
Appendix. Integrating by parts on the ball of radius R, we obtain for any k € {p,p — 1}

/ Vip— K] Ve da :/ (p— K)k (—Ac) der/ (p—K)E Ve, -ndo
|z|<R |z|<R

|z|=R

<[ o KB do e [ itan

It is enough to show by dominated convergence theorem that there exists a sequence of radii {R;};jen such that
the boundary terms tend to zero as j — co. Due to Lemma 4.11 with p > 2, for any given natural N > 1, we can
write that

'S N N
Z / / PP do dr = / pFdr < oo, implying that lim / / pFdodr=0,
N=1/N-1J|z|=r R2 N—oo JN-1 |z|=r

for k € {p,p — 1}, and the two integration by parts for any given e are justified.
We now estimate I and I3, showing in particular that they are finite. Starting with I, using —Ac. = p. where
Pe 1= e * p * Y., so that by Holder’s inequality and Young’s inequality for convolutions, obtain

L= racyde = [ (o= K pcdn <o - K)lalodhi < 10— Kslfloln @30
Likewise for I3, we use the fact that on the support of (p — K)4, K < p. Therefore
K[ (o= Kp 7 (-ac)do =K [ (o= K pode < [ (o= K5 pepda
R2 R2 R2
Therefore, by Holder’s inequality and Young’s inequality for convolutions,
K . (p— K)E (=Ac) dz < [[(p = K) 4[5 lloll 7 - (4.32)

Applying the arithmetic-geometric mean inequality to the right side of (4.31), we have that for any v > 0,

— 1 1
w (o= K+ el

I = )t lpallpllper < =

Making a similar estimate for the right hand side of (4.32), and combining results, we have that

I+ Is < BEW)ll(p - K)+ |27 + B@) |t} (4.33)
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where F;(v) is a positive linear combination of negative powers of v, and F5(v) is a positive linear combination of

positive powers of v.
By Lemma 4.11, p? is integrable for any 1 < p < oo, and so the right side of (4.33) is finite. Then by (4.30),

V[(pr)ﬁ_m]r dz < co.

From here we show that

2 2 16K (2p—1)/2
LAv ()] ao< [ |9 [t 51| o+ 25— #Dla) + Ceen] (4.34)
R2 R2 V2
Indeed,
2 2 2
LGS s= L7l ae [ o) o
R2 R2 {p<K}
and

2 16K (2r—1)/2
| ar < LK

dr < 16K(2p’1)/2/
o Y2

2
RQ ’

Vpl/t [7D[p] + Ccep] ,

/ ’VPP/Q
{p<K}

where we applied again the concentration controlled inequality, Theorem 1.10, using (4.26).
Following an idea of Jager and Luckhaus [25], we use the GNS inequality

/ vPThdz < D, (/ |VoP/?)? dx) (/ vdx) ) (4.35)
R2 R2 R2

which is a consequence of the Sobolev embedding inequality ||u[|r2gz2) < C||Vu| 11 (z2) applied to u = v®*+1/2 and
Cauchy-Schwarz inequality since Vu = pTTlvl/Qva/z. Applying (4.35) to v = (p — K)4, we get

V[(p—K)i/QHQ dz where M (K) ::/R2(p—K)+dx.

[ om0t ar < arx) [

R2

Then (4.33) becomes

2 2
I+ Iy < Fy ()M (K) / v [(p - K)i“” da + Fa(v) 87r/ va/Q‘ da.
R2 R2
We finally work with I; to estimate it using (4.34) as
P /2] |2 /2 2 16K (2p—1)/2
n<—| |V]{e-82[ dw— | |9 do+ ==———[Dlp] + Cccn] -
2(p—1) R2 R? V2

Now choose v > 0 small enough such that 87 F5(vp) < 2(p — 1)/p, and then Ky < oo large enough such that
M(K)Fi(v) < 2(p —1)/p. This choice of K, only depends on vy and the bound on [, p|log p| dz since

M) = [ (oK) do< [

1 1
pdxﬁ—/ plogpdxg—/ plogt pdz .
p>K log K J,>k log K Jpe

We find
32K Cr=1/2(p — 1)

P2

[o-rrar— [ -k < (#Dls] + Coen]

for all K > Kj. The desired result follows with

_ 32K (P=1/2(p — UCccn ond Ay — 32K (r=1/2(p — 1)7r

Ay
P2 P2
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5 Proof of the main results

5.1 Approximate solutions

We now combine the single step operations described in the previous section to inductively define infinite sequences
{p*}ken giving a discrete-time approximation to the PKS evolution (1.1). For the rest of this section, fix any
A > 0, and any density po in R? with total mass 87 with pologpo integrable, and such that there exists C,,
with Ha[po] < Cpy. It then follows from Lemma 1.11 that |x|po is integrable, and from the Talagrand inequality,
Theorem 2.4, that Wa(po, 0x) < 0o. Thus, pg satisfies the conditions of Theorem 4.7 on the existence of minimizers
for our single step variational problem.

Fixing an arbitrarily small parameter 7 > 0, we now inductively define the sequence of densities {p*}ren with
p% := po by solving the sequence of variational problems

k—1

fWE(p, PETY) | e
pr € argmin {Q(T + Frslo) (5.1)

for a sequence of regularization parameters {ex }ren to be specified now. By Theorem 4.7, the sequence {p*}ren is
well defined no matter how we choose 0 < 7 < 1 and {ex }ren. We moreover define

Qr :=C,y —Hi[p¥] >0  for cach k. (5.2)

5.1 LEMMA (Good step sizes). Let {p*}ren be the sequence of minimizers defined inductively using (5.1) starting
from pr = po. With Qi defined as in (5.2), let A be the constant given in Corollary 4.14, and let A be defined by

(=

m=1

and note that 1 > A > 0. Choose any T > 0 satisfying

. AQO } *
T<ming ——— 1, :=7", 5.3
{zamts >3
and define € by
T3 /e [8 rt/3 A72_2/3 (mCpy + CCCD)2/3} = %7’22_1C . (5.4)

Then for all k, Qr > AQq > 0. In particular,
Frks[pf] < +oo and Hi[pF] < C,, .
Note that for some constant Z, ey, := Z 710/3 4=F,

Proof: We shall show by induction that for each positive integer j

J —-m
o >11 (1 - QT) Qo (5.5)
m=1

which is somewhat more than we need since the right hand side is larger than AQ)y.

We now make the inductive hypothesis that for some positive integer k, (5.5) is true for all positive integers

k—1

k=1 in place of py, and p¥ in place of p and with 7 and ¢,

j < k. Since A < 1, we may apply Theorem 4.15 with p
specified as above. Then the conclusion (4.27) can be simplified and rewritten as

Halok] < Halph) 4 2Ptk (5.6)

—k
Qr > Qr—1 (1 - 2T> .

By the inductive hypothesis, we obtain (5.5) for j = k. The proof that (5.5) is valid for j = 1 is a direct application

Since 7 < 1, this means that

of Theorem 4.15, in the same way, since A < 1. |
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5.2 The passage to continuous time

Throughout the rest of this section, we assume that 0 < 7 < 7%, where 7 is defined in (5.3), and that € is defined
by (5.4), and then that {p*}ren is a corresponding sequence of minimizers of (5.1).

We now interpolate between the terms of the sequence {p*}ren to produce a function from [0, 00) to L!(R?)
that we shall show to be, for sufficiently small 7, an approximate solution of the PKS system. For technical reasons,
we shall need two distinct, but closely related, interpolations.

e The Lipschitz interpolation: For each positive integer k, let VF be the optimal transportation plan with
VF#pF = ph=1. Then for (k — 1)1 <t < kT we define

pr(t) = (t — kD7 kTT_ tV@’“) #ol .

T

o The piecewise constant interpolation: For each t and each positive integer k with (k —1)7 <t < k7 we define
ﬁT (t) - pi ! With ﬁ‘r(o) = Po-

For displacement convex functionals of p, such as Hy[p], £[p], or the absolute first moment, any uniform bounds
on the functional along the sequence {p*}.cn extend to p(t) for all ¢, since if G is such a functional, then for
(k=17 <t <kr,

t—(k—1)r
—

k1, kT —1

Glp-(1)] < Gl + Glo"] .

Of course it is evident that for any sort of functional G[p], displacement convex or not, a uniform bound on G[p]
along the sequence {p"}cn extends to p(t) for all . Some of the functionals with which we work, such as D|p],

are not displacement convex, and this is the reason we need the second interpolation.
The uniform equicontinuity properties that we prove next explain the utility of the first interpolation, and also
why we can use the two different interpolations at once. Since p¥ is a minimizer for (5.1), using p*~! as trial

function yields
1
Filcsloh] + EW%(Pia M) < Feksloh
and hence,

W%(Pf, Pr )< 27 []:PKS[ ] Frkslp H ) (5.7)

and by the monotonicity of € — Fikg[p] see Lemma 4.5
Fexslpr] < Fislor] < +oo. (5.8)

In standard applications of the JKO scheme, in which the functional in the variational problem does not change
from step to step, one would sum both sides in (5.7) over a range of values of k, and then the sum of the terms
on the right would telescope. This is not so in our case. However, for small €, Frg =~ Fpks and we recover the
telescoping sum in a useful approximate sense. The precise version of Ffyq ~ Fpks follows from (4.9), Lemma 4.6,
and (5.4), which says that e, = Z710/347F to get

ShesloE 1 = Foks[pb 1 <O, ZI|pE 55 TR < Z) ph Y35 P2 (5.9)

for 7 < 7* := min(7*, (2Z/e)~3/19) with Z := C, Z according to Lemma 4.6. We thus deduce
WE(or, o) < 27 (Fewslo ™) = Foxslor]) + 22008 55 7127

Using (5.8) and (4.29) as in the proof of Theorem 4.15 where the concentration control inequality (1.10) is crucial,

we deduce that Hp’;_lﬂgg < C3/7 to conclude that

W3(p5, 1) < 27 (Fexs[of '] — Fexslpf]) +22Csm%27". (5.10)
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We are almost in a position to obtain a crucial a-priori Holder continuity estimate, but there is still one more
consequence of our step dependent regularization to deal with: If for each & we had been using the functional
Frks instead of the functional F5h g, it would be immediate that k — Fpks [p¥] would be decreasing. Since by the
Log-HLS inequality, Fpks is bounded below, this would give an immediate upper bound on the sum of the right
hand side of (5.10) over any range of k.

However, we have used our freedom to choose the sequence {ex}ren of regularization parameters to converge to
zero as rapidly as we may require, and hence easily obtain:

5.2 LEMMA (Uniform bounds on the free energy Fpks). There are positive constants Fo, Fi depending only on
the initial data and the regularization mollifier v such that for each T < 7* and each k € N,

Frks|pt] < Fo + Fir?

Proof: Directly from the variational problem (5.1) we have Fphio[pk] < Fphs[pi1]. Then, as above from (4.9),
(5.9), and (4.29) we get
Pis[PE ] < Fokg b~ + ZCar?27" (5.11)

This means that the free energy Fpks is almost decreasing along {p*}ren. A telescoping sum argument yields
Fohes[pk] < Fikslpo) + ZCs72, and then one more application of (4.9) gives

Frks(pF) < Fkslool + ZC37* < E[po] + 327 + 2| poll 1.2 jog(e-+[2]2) de) + ZC372 = Fo + Fi7?%,
where (4.11) was used. |

We are now ready to prove the Holder continuity estimate.

5.3 LEMMA (Hoélder continuity). There is a positive constant Fo depending only on the initial data and the
reqularization mollifier v such that for each T < 7* and each k € N, such that for allt > s > 0,

Wa(pr (1), pr(s) < Fa (£ —5)'/% .
Proof: Let j be such that (j —1)7 < s < j7 and let £ be such that ¢7 <t < ({4 1)7. By the geodesic property of
McCann’s displacement interpolation,
. jT—8 PR t—VOr
Wa(pr(s),pl) = Wa(pl™pl)  and  Walp. (1), py) = (o5, P51

By Lemma 5.2 and the Log-HLS inequality (4.10), Fpxs[p¥] — Fprs[pt~!] < Fo + Fi72 — 87 (log8 — 1), and thus,
by plugging into (5.10), we get

W3(pk, ph=1) <27 [Fo + Fir? — 8n(log8 — 1)] + 2ZC57%27*

<7 [2?0 +2F; — 167(log8 — 1) + 2203} = F2r, (5.12)
since 7 < 1 and k € N. Therefore, we deduce
Walpr(s),p0) < 2Ry and Walp, (), 08) <

Adding these two estimates and using the concavity of square root,

Wa(pr(s), p2) + Wa(pr (1), p7) < Far/(t —5) — (€= 5)T - (5.13)
Next, by the triangle inequality, the Cauchy-Schwartz inequality, and (5.10) and proceeding as in (5.12), we finally

t —

Ir _
“FaVT

conclude

1/2
’ /

Wa(ph, pi! ZWz N EENE DY (27 [Fexslor '] = Fexs[oh]] + 22037327’“)
k=j

SW—ﬁﬂ”@wafﬁﬁﬁmMH+ﬁ@ﬁf/<BW ).

Adding this to the estimate in (5.13), and using the subadditivity of the square root concludes the proof. |
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5.3 Weak compactness

In this subsection, we will show the compactness of the sequence of interpolating curves. We cannot proceed as

usually done, for instance in [2], since we want to show that the limiting curves are not only measures but rather

densities for each time and also since our densities have infinite second moment. The idea is to show a compactness

in metrics Wy, 1 < p < 2, less strong than W5 and then, pass to the limit p 2 the Hélder continuity property.
The next lemma shows a compactness property of the sets {p-(t) : 0 <7 < 7*} for each fixed ¢.

5.4 LEMMA (Uniform integrability at fixed t). There is a finite and computable constant Fs depending only on
po and for any fixred 1 < p < 2 so that for all T < T*

Elp-(t)] = / p-(t, z)log p,(t,7) de < F3 and / |z|Pp,(t,x) do < F3.
R2 R2

Proof: By the uniform control that we have on Hj, the moment bound is immediate from Lemma 1.11. By the
uniform control of Fpkg and Hy in (4.26), Lemma 5.2, and by the first concentration control Theorem 1.9 we
conclude that

" / pf log, pf dz < Fo + Fim2 + Cocr (5.14)
RQ

where 0 < 91 < 1, uniformly in k. Finally, using the bound of the absolute first moment together with (5.14), we
conclude that &[p*] is bounded uniformly in k. Then, by the displacement convexity of £, this bound extends to
p+(t) for all t > 0, as explained at the beginning of this subsection. |

It follows immediately from (2.5) that Lemma 5.3 remains true if Wy there is replaced by any of the weaker
metrics Wy, 1 < p < 2. The following characterization of the convergence in W, metrics in [44, Chapter 9]:
convergence of the absolute p-moment plus the weak-* convergence as measures of a sequence of densities {py, }nen
towards p is equivalent to W), convergence; implies the following compactness result.

5.5 LEMMA (Compactness for the W, metric). For any M > 0, let K be a subset of the set of densities p of
mass M that is uniformly integrable, and such that {|z[Pp(x) : p € K} is also uniformly integrable. Suppose also
that K is closed in the L'-weak topology. Then K is compact in the W, metric.

Proof: Let {p,}nen be any sequence in K. Since K is uniformly integrable and weakly closed in L', the Dunford-
Pettis Theorem provides us with a p € K and a subsequence {py, }ren such that limy_o0 pn, = p weakly in L!
and thus, weakly-* as measures. It is trivial to check that weak-L! convergence plus the uniform integrability of
{|z|Pp(z) : p € K} implies that

lim |]P pn,, () do = / |zPp(z) dz .
k—oo JR2 R2

The characterization of W, convergence mentioned above then implies limy_,oc Wp(pn,,p) = 0. [ |

5.6 THEOREM (Convergence as 7 — 0). Given T > 0 and any 1 < p < 2, define (M$, W,,) to be the metric
space in which ./\/l‘sT is the set of densities on R? satisfying E[p] < F3 and

[ labote) o < o1+ 700002,
R2

with p < p+ 0 < 2. Then there is a function p on [0,00) with values in the set of densities of mass 8w such that
for all T > 0, the restriction of p to [0,T)] is continuous in (M3, W,), and there is a sequence {7} en such that
for all T >0,

lim [max Wp(pT(n)(t),p(t))] = lim {max Wy (e (t),p(£))] =0 . (5.15)

n—oo |0<t<T n—oo |0<t<T

Moreover the sequence {T(”)}neN can be chosen independently of p, i.e., such that the convergence property (5.15)
holds for all 1 < p < 2. Furthermore, as a consequence for allt > s> 0 and all 1 <p < 2:

W (p(t), pls)) < Fo(t —)"/* . (5.16)
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Proof: For each T" > 0, (M‘ST,WP) is a compact metric space as a consequence of Lemma 5.5. By Lemma 5.4,
for each t < T, and each 0 < 7 < 7,, the restriction of p, to [0, 7] takes values in (M$%, W,). Next, by (2.5) and
Lemma 5.3, the set of these functions for 0 < 7 < 7, is uniformly equicontinuous into (M., W,,). Thus by the the
Arzela-Ascoli Theorem, we can select a uniformly convergent sequence.

Now a simple diagonal sequence argument concludes the construction of p and proof of (5.15). Apply the above
for T'=1 to get the initial sequence. Now take T"= 2 and choose a subsequence of the first sequence, and so forth.
For the piecewise-interpolation sequence, note that Wa (5, (t), p-(t)) <C+/T by standard properties of displacement
interpolation and (5.12) in Lemma 5.3. Therefore, the limits 7(") — 0 of both time interpolations are the same.
Note that this argument does not invoke any uniqueness of the limit.

Another simple diagonal sequence argument shows that the sequence can be made independent of p. Take a
sequence of increasing exponents {py }nen 7 2 and {6, }neny \ 0 with 1 < p,, < p,, + 6, < 2 and apply the diagonal
sequence argument to the constructed sequences for each p,,. Also, take into account that the sequence of distances
Wy (prem (t), p(t)) is increasing in p.

The last part of the claim (5.16) follows directly from (5.15) and Lemma 5.3 for all 1 < p < 2. Since the
constant F» obtained in Lemma 5.3 does not depend on 1 < p < 2, then we conclude (5.16) for p = 2. |

5.4 LP regularity
Our goal in this section is to prove:

5.7 THEOREM (LP-regularity). For each finite a > 0 and p > 1, there is a finite and computable constant C,,
depending only on a, p and pg such that whenever T < a,

/ PP (t,z) dz < Cp forallt>a.
R2

Proof: From (4.27), we deduce that for each m, Ha[p™] + D[p™] < Ha[p™ '] + %2"”7‘2, proceeding in the

same way that we did in deducing (5.6), except this time we do not discard the dissipation term. Let n > k be
positive integers. Since @), < C), for all m, summing from m =n — k to n yields

n

ke Cp,
Hal+ D D[] < Halp T+ =R (5.17)

m=n—k
Then since 0 < Hy[pk] < C,, for all k, using 7 < 1 and dividing by k7, we may simplify this to

1 & 20
sl m) < ZZP0 .
© > Dlpl< ! (5.18)

m=n—k

We now choose k to be the greatest integer less than or equal to a/7, and of course suppose that n > k. Since
kr <a<(k+1)r,and k > 1, a/2 < k7, and then the fact that averages dominate minima yields the conclusion

that for some positive integer m with 7 < a,
4C
Dlpy] < —*.
a
Then since Ha[pl'] < C,, and Fpks[p?'] < 400 we have from Theorem 1.10 that

47TCP0 + Ccep

/ V(o) 2 da <
R2 G’YQ 72

Recall the GNS inequality
—4
17115 < BallV IS~ 1LA13
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valid for locally integrable functions f in R? and ¢ > 4. Applying this with ¢ = 4p and f = (p*)'/%, we obtain

B 1/4

4 C C 2(10 1)

ol < | B (o 4 CC2) T gl (5.19)
ays Y2

Thus we have an a-priori bound on ||p*||5 for some m with n — k < m < n. We now apply Lemma 4.16, in which
the constant A; and Az in (5.20) are defined, to conclude that

/ (P — K% dx < / (o7 — K)f dx+ ArkT + A Z D[p’] . (5.20)
R? R2

Jj=m

We bound the first term on the right in (5.20) using (5.19), the second using the fact that k7 < a, and the third
using (5.18). The result,

(") _ K) dz <
Pr +
R2

uniformly for all n such that n7 > a. Note that the bound depends only on a, p. Since Han)Hp < |l(pr (m) _

1/4

ArC C 2(p—1)
B4p (M + ﬂ) 87T + Ala + 2A20p0

a2 Y2

K)y|p + K®=D/P(87)1/P we have the same type of bound on ||p{"|,, uniformly for all n such that nt > a. By
the displacement convexity of

p PP (z) da
R2

for p > 1, this bound immediately extends to p.(t) for all ¢ > a. |

5.5 Verification that p = lim, . p, is a solution of the PKS system

Let 70", p_y and p be given as in Theorem 5.6. Our goal in this subsection is to prove that p is a weak solution
of the PKS system as given in item (1.5.2) of the Definition 1.5.

5.8 LEMMA (p is a weak solution of the PKS system). Let 7(™), p_ ) and p be given as in Theorem 5.6. Then
for all smooth and compactly supported test functions ( and all to > t1 > 0,

__Ln ot @ 9) - (VC@) = V)
[ @ lotta2) = pttn ) de=— = [7f[ | pts)ote.n) B dyd

ta
+ / Al(x) p(s,x) dx ds,
t1 JR2

Proof: In order to prove Lemma 5.8, we first remind the reader an analog for the functions p,:

5.9 LEMMA (Approximate weak solutions of the PKS system). For 0 < 7 < 1, define e(t,7) = € for t €
((k — 1)7,k7], and dall integers k > 1. Then for all smooth and compactly supported test functions ¢ and all
to >t1 >0,

6@ petta0) = prttn e =5 [ [[ | posie)pesa) VGium(a =) - (V600) = el dy o

2 «R2

+/tl /RQAC(:E)[)T(S,:C) dz ds + O(1/2).

The proof of the previous Lemma follows the same lines as in [5, Theorem 3.4] and we skip it here for the sake
of conciseness. The interested reader can see its proof in the preprint version of this paper.
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As 7 — 0 along the sequence {7("},en, limy, 500 Wilp, o) (t), p(t)] = 0 uniformly on [0,T] for any finite T
Hence by the Kantorovich-Rubinstein Theorem,

lim AL(x) prony (t,x) dz = / Al(z) p(t,z) da

n—oo Rg Rg

uniformly on [0,7]. The interaction term can be rewritten as
[, [¥Guurion) * o ®) (@) VC(a) oo (8 0)
R2

= /}R2 (VG 5 Yet,rm) * pren ()] () - [Ye(eromy * (preo (£) V)] (2) da
(z —y) - (V¢(x) — V()

|z —yl?

1
- At // (Ve * prem ) () (Ve * prem ) (t,Y) dz dy
T J JR2 xR?

+/ [VG 5 5 (,rm) * pron (0] (2) - [Veqt,romy * (0200 (8) V) = (Yet,rmy * prom (1)) VC] (x) da
RZ
=11 + I>. (521)

As {pr () }nen converges weakly in L'(R?) towards p(t) as n — 00, so does {7, - * prom (£)}nen. We then
deduce that {(Ye(t, () * Pre) (t) @ (Ye(t,r(n)y * Pror (t)) Jnen converges weakly in L'(R* x R?) towards p(t) @ p(t)
when n — oo, see [5, Lemma 2.3]. As a consequence we can pass to the limit in the first term in the right-hand-side
of (5.21) to obtain

Y ey (V) V)
dmn = f /R At P dz dy .

We must now show that I> disappears in the limit. We can estimate Is using

|7€(t,‘r(")) * (p‘r(") (t) v§)7(76(t77(”)) * Prn) (t))vd(z) < /]R? Ve(t,‘r(”))(x - y) |V§(y) - VC(:E” Pr(n) (ta y) dy
< CC /]RZ Ve(t,‘r(”))(z - y) |1' - y| p‘r(”)(ta y) dy = CC ((Ve(t,‘r("))|x|) * Prn) (t))(l‘) .

By the HLS inequality, (4.6),

Curs
2

[Ia] < [Ve(t,rm) * Pren (Ollazs Ve, rm) * (rem () V) = (Veqr,romy * pren (£))VCllay3-

Then by similar arguments similar to those used to prove Lemma 4.13, we get

[I2| <4 Cus Ccllpron () llays 7]zl 431/ €(t, ().

In case t1 > 0, estimating ||, () (t)||4/3 using Theorem 5.7, we obtain the result. If #; = 0 we can use instead (4.29)
and Holder’s inequality to obtain

et, 7t")

|I2| < 4 Cuus C¢ (8m)'* /2 Cs ||y1llays = O((r™)7/%),

where (5.4) was used. |

5.6 Strong Compactness

At this point we have shown that the limit p = lim,_,o p, ) posesses the properties (1.5.1) and (1.5.2) in Defini-
tion 1.5 of properly dissipative weak solutions. In this subsection, we show that (1.5.3) is also satisfied. This will
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complete the proof of the existence of properly dissipative solutions in Theorem 1.6. Choosing n =k in (5.17) we
obtain, for all k € N and all 7 = 7(") that

k

C
Halpr] + D mDlp] < Halpo] + =277

m=1
Thus, using the discrete time interpolation p,, we have that for any 7' > 0 and the positive integer N such that
Nt <T < (N+1)T,

Nt
M)+ [ Dl o) de < alpo] + 2 (5.22)

We emphasize that the use of the piecewise constant interpolation is essential at this point since the functional
D[p] is not displacement convex.

Note that the LP bounds deduced in Theorem 5.7 apply to p, as well as to p,. To make full use of these bounds,
we choose any fixed a > 0, and then for all 7 < a, we weaken the bound in (5.22) by increasing the lower limit of
integration in ¢ to a. Also writing b := N, this yields

b b
C
HA[/ST(T)]+8// |v,31/4(t,x)|2dt—/ / §2(t, ) da < Ha[po] + 22
a JR2 a JR2

It is legitimate to express D[p,] as the difference of two integrals since Theorem 5.7 tells us the ﬁi/ % s integrable

over [a,T] x R%2. We now show that passing to a further subsequence of {7("™},cy, we may arrange that for all
0 < a < b < oo, along this subsequence,

n—oo

b
lim / / |5 (t, ) — p(t,2)|3/? dedt = 0 (5.23)
a JR2

and
lim ﬁT(") (t5 :L') = p(ta :L')
n—o00

for almost every (¢, z) € [a,b] x R?. The following strong compactness theorem, leading to the existence of almost
everywhere convergent subsequences, is the key:

5.10 THEOREM (Strong compactness for 52 (t,z)). Let 0 < a < b < 0o be given. The family of functions

{ Lo ®)pr(tz) « 7 <7}
is precompact in the strong topology in L*(R? x (a,b)).

Proof: By the Kolmogorov Compactness Theorem [23, 28], also known as the Frechet-Kolmogorov theorem [9,
Corollary IV.26], a set G of functions g € L?((a,b) x R?) is strongly precompact if and only if:

(K1) G is uniformly bounded in L?((a,b) x R?).

(K2) For each € > 0, there is an R > 0 so that for all g € G,

b
/ / lg(t,z)|* dz dt < e.
a J|z|>R

(K3) For each € > 0, there is a § > 0 so that for all g € G, whenever y € R? satisfy |y| < 6,
/ lg(t,x —y) — g(t,z)* dz dt < e, (5.24)
R2  (a,b)
and whenever ¢ € R, and [, ] C (a,b) with (@ — ¢,b — ¢) C (a,b)

/ lg(t —c,x) — g(t,z)|> dedt < €. (5.25)
R2 x (&,5)
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Step 1.- Uniform integrability for p2(t,x): First, note that for each 7, p2 = ﬁi/ 2 3/ . Therefore, by the Cauchy-

Schwartz inequality
1/2 1/2
[terunas ([ ) ([ geoae)
R2 R2 R2

Recall the first moment is controlled by #, in Lemma 1.11, and that H[p-(t)] < Cp,. Also, Theorem 5.7 give us
a bound on ||, (t)||s uniformly in ¢ € [a,b] for all sufficiently small 7. Thus, there is a constant C' depending only
on a and b so that for all sufficiently small 7,

/ / |z 252 (t, ) dz dt < C' .

Even more simply, by Theorem 5.7 we have a constant C' depending only on a and b so that for all sufficiently

b b
/ / pi(t,x)dedt < C and / / p(t,x)dedt < C .
a JR2 a JR2

The uniform integrability is an immediate consequence of these estimates, giving the first two conditions (K1) and

small 7, such that

(K2) of the Kolmogorov compactness theorem.

Step 2.- Spatial translations (5.24): Writing j,(t,7) = f*(t,z), we have

1
prltsr — ) — pr(t, ) = —4ly - / Pt x — sy)V(ta— sb) ds

and then by Minkowski’s inequality, and then Holder’s inequality

1/2
[t =0 =) dr < 4y (/ £5(t,2) dx) (/ |Vft:c|2dw)
1/2 1/2
= apl( [ @) ([ waipar)
RQ

By our uniform LP bounds, there is a constant C' independent of 7 so that

1/2
[ 1otz p7<tw>|2dx<|y|c(/ |v~1/4|2dx) ,
RQ

1/2
// et — ) — et D)2 d dt < Clylb1? (//|v~1/42dzdt> |

Since the integral on the right hand side is bounded uniformly in 7, this gives us (5.24).

and hence

Step 3.- Temporal translations (5.25): We do not have any estimates on time derivatives, so we cannot obtain
the bound on temporal translations in such a simple manner as we have for the spatial translations. What we do
have from Lemma 5.3 is a finite constant C' so that

W?(p(tfca'%p(ta')) < C\/E (526)

holds uniformly in 7 < 7* and in ¢ > c.

We now use an interpolation argument based on an idea of Otto, see [36, Subsection 3.5], to combine this with
the spatial regularity provided by the square integrability of Vpr s/ (t,z) in R? x R. Our task would be very much
simpler if we had, for almost every ¢, a uniform bound on [g, |V~1/4(t, x)|? dz, but don’t for any fixed t.

The interpolation bound we need is provided by the following theorem whose proof will be provided after we
conclude the proof of Theorem 5.10:
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5.11 THEOREM (Interpolation bound). Let o¢g and o1 be two densities of mass M in R? such that for some

p > 2, HUOHZTJ , HUﬂ\Zi% < K, Suppose also that 08/4 and 01/4 have square integrable distributional gradients.

Then

”O_O - 0_1”% < (HV(O_O)1/4H2 + HV(O'1)1/4||2) (25/2 + 29/2K)(W2(0.070.1))(4p*3)/(4p+2)

+ 16M PP K2/ (W, (0, o)) P/ @D

We now apply Theorem 5.11 with g, (¢, ) in place of o¢ and p,(t — ¢, -) in place of o1. We have a uniform bound
on K in this case, for any p < co, and we also have the bound (5.26), so we obtain a finite constant C' so that

|ﬁ'r(t; ) - [)T(t -G >|2 dx <

R2
1/2 1/2 ip_3 -
c( (/ w&“(awdx) +(/ v/si/4<t—c,->|2dx) ]|c|w+|c|w>.
R2 R2

Now integrating both sides over [a, l;], and using the Cauchy-Schwartz inequality, we obtain

/ 5e(t.) — pr(t — e ) dadt < O (AT B 4 Tjef vt ) |
R2 X [a,b]

T 1/2 T 1/2
A= (/ VAL, ))? de dt) + (/ Va4t — ¢, ) dz dt) .
to R2 to R2

Our results so far give us a bound on A that is uniform in 7 < 7*, and thus, choosing p = 2, the proof of (5.25) is

where

complete. ]

It remains to prove Theorem 5.11. Before beginning the proof itself, we explain the argument in [36, Subsection
3.5] that is the basis of the proof. Let oy and o1 be two uniformly bounded densities of mass M in R? . Let dII
be the optimal coupling of oy and ;. For 0 < s < 1, define o, to be the displacement interpolant between oy and
o1. That is, for any bounded continuous function ¢ in R2,

/ o(2)a(z) dz = / (1 — 8)z + sy) dTI(z, ) -
RZ

R2 xR?

As is well known (see for example [37, Lemma 3]), we have
[05]loe < max{ [|ooloc ; [lo1floo } - (5.27)

Suppose furthermore that both oy and o; have a square integrable gradient. Then we have Otto’s interpolation
estimate:

lloo — o1ll2 < (max{ [[oo]leo » lo1lloe 1) (V0|2 + [ Voull2) Wa(oo, 01) - (5.28)
To see this, note that

o=l = [ (lonla) = )] = o) = or(w)) dll.)

1

[ [ Vot sty =) = Toola + sy~ 2))] - o~ ) i) ds
0 JR2xR2

Now apply the Cauchy-Schwartz inequality. By (5.27), we have that for each s,

/ Voo(z + s(y — 2))* dI(z, y) :/ Voo (z)*os(x) dz < (max{ [|oolle , [lo1]lee }) [[Vool3 ,
R2 xR2 R2
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and likewise for o1. Since [o, o [ — y|* dII(z,y) = W3 (00, 01), we obtain (5.28).

We would like to apply this sort of argument with p.(¢,-) in place of o¢ and p,(t — ¢,-) in place of o1. We
cannot do this directly since p, is not bounded. However, by the results of the previous section, for ty > 0, we have
an upper bound on ||p-(t,-)||, for all finite p that is uniform in ¢ > tg. The next lemma allows us to approximate
pr(t,+) and p.(t — ¢,-) by uniformly bounded densities without significantly increasing the 2-Wasserstein distance
between them.

5.12 LEMMA (Approximation by bounded densities). Let o be any density of mass M on R2. Suppose that for
some p > 1, o belongs to LPT1(R?) with ||J||gj: < K. Then for all X\ > 0, there exists density of mass M, & such
that ||0||co < 2,

Wy (5,0) < 2KXP~Y/2 (5.29)

o — &2 < 2KY/2\~(P~1/2 (5.30)
and finally, |52 < 2[o|2.
Proof: Let Ex ={ x« : o(z) > X }. Then by Chebychev’s inequality,

1 K
_ p+1 -
/EA o(z) da < ¥ oo oPTH (z) de < v (5.31)

Now for any h > 0 and any integers m and n, define C,, ,, to be the square
Coum ={z = (21,12) €ER* : mh<z; <(m+1h, nh<xa<(n+1)h}.

Define M,, ,, by
M p = / o(x)dz .
EkﬁCm,n

M,
Omn = 1E\nCpm. O and Umon i= %107,% .
There are both densities of mass M, ,, supported in Cy, . Let T}, 5, be any map from C, ., to Cp, , such that
T n#Om,n = Vm,n. For instance, one may use the one associated to the optimal coupling. Define T : R? = R? by

Next define

> 1. (@) Tmn(x) € Ey
T(z) =  mnez
x x ¢ By

Notice that only one term in the sum is non-zero. By construction,

an
T#o=(1—1g)o+ > 75 LC

m,ne”

By (5.31), M, , < KA™P. We now specify h := K/2X\=®+1/2 Then M,, ,h~2 < A, and hence with this choice
of h, T#o is uniformly bounded above by 2. We now define ¢ := T'#o. It remains to verify that ¢ has all of the
properties claimed in the lemma.

First of all, notice that |T'(z) — z|?> = 0 on the complement of Ey, and on E) is is bounded by 2h?, since each
Tn,n maps Cy, , into itself. Therefore,

Wi(0,5) < | |T(z) — z*0(z) dz < 2h? / o(z) de < 2KAN"PHI AP
R2 EA

This proves (5.29). Next, by (5.31) and Jensen’s inequality,

~ Mm n . M’ITL n
o-GF=1pgo— Y, —5" o, with > T 10| < el - (5.32)
m,n€”Z m,ne” 9
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Furthermore, by Holder’s inequality with the dual indices p and p’,

, , 1/p 1/p’
/ 021EA dx :/ o2 P g/ lg, do (/ oPtl d:c) (/ adx)
R2 R2 R2 Ex

(K7 (KA < gl (5.33)

IN

IN

This proves (5.30). For the final part, note that by (5.32), ||o|l2 < ||(1—1g,)oll2+||1E,0|l2 < 2||o]|2. This completes
the proof of the lemma. |

Proof of Theorem 5.11: For any A > 0, let g9 and 1 be the bounded approximation of oy and o; provided by
Lemma 5.12. Also, define

oo(z) :=min{oi(z) , A} and oi(z):=min{oi(z), X }.

Starting from the identity ||og — 1|3 = (00 — 01,00) 12 — (00 — 01,01) 12, and adding and subtracting repeatedly,
and using the Cauchy-Schwartz inequality, we obtain

loo —a1llz < (00 — 01,00) 12 — (09 — 01,01) 12
([looll2 + llo1ll2)(loo = doll2 + llor — T1ll2)

(I5oll2 + 171112) [(lloo = goll2 + lor — aall2)] - (5.34)

+ +

The heart of the matter is the estimation of (og — 01,00) 12 — (00 — 01,01) 2. Let IT be the optimal coupling of
oo and o1, and for 0 < s < 1, let o4 be displacement interpolant between oy and o;. By what has been explained
above, g, is uniformly bounded above by 2A. Then, by the Cauchy-Schwarz inequality once more,

-5~ -onie = [ (o=@ - - ) diley)

) /0 /szw([v@_vﬁ]((l—S)ersx)'(:E—y) dII(z, y)

(2\)/2 (IVaollz + [[Vaill2) Wa(ao,01) .

IN

Next, for j = 0,1, let f; := (0;)*/*. Then since Vo;(z) = 0 unless f;(z) < A/, [[Voylla < 4NV fj]|2. Thus,

(00— 01,50) 12 — (00 — 01,5112 < 2720/ (I (00) /4l2 + [V (01)/4]12) Wa(Go,51) . (5.35)
By the triangle inequality and Lemma 5.12,

Wy (00,01) Wy (d0,00) + Wa(oo,01) + Wa(o1,01)

QKN P™Y2 1 Wy(og,01) + 2KXP7Y2

IN A

Combining this with (5.35), we obtain

(0= 0180)12 — (g0~ a1, Fn)s < 22N (IV(00)! o + [V (01)! /) Waloo, 1)

20 (9 (00) 4 3 + [V 1) 4] ARA T2

At this point we specify
A= (Wa(ao,01)) "2/ P+ (5.36)

Wit this choice, we have

(00— 01,50) 12 — (00 — 01, 51)12 < ([V(00) 2 + [V (00) /4 ]2) (2°/2 + 272K) (Wa (o0, 00)) =)/ r+2)
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Finally, it remains to bound the terms in the last two lines of (5.34). Note that the same argument using
Chebychev’s inequality in (5.31) and then Hélder’s inequality in (5.33) yields |loj — ojlla < KY/2X(1=P)/2 for
j =0, 1. Note also that by Holder’s inequality once more, ||o;]|3 < M®~1/P /P, Therefore, the sum of the terms
in the last two lines of (5.34) is bounded above by 16 M P=1)/P g (p+2)/2p \=(»=1)/2 With the value of \ specified in
(5.36), the contribution of these terms is

16M P~ V/P g (P+2)/20 (W, (0, 0y )) P~ 1/(PHD)

Combining results, the proof is complete. |

5.13 LEMMA (Further subsequence). There is a subsequence of the sequence {1}, en, denoted with the same
index, such that along this subsequence, (5.23) is valid for each 0 < a < b < o0 and

lim g (t,x) = p(t,x) almost everywhere on (0,7 x R?
n—oo

for any T > 0.

Proof: Let us consider any integer N > N, with N,7 > 1. Applying Theorem 5.10 we get a subsequence of
{7(M},,en along which {p, ) }nen converges to p strongly in L?([1/N,, T] x R?) and almost surely on [1/N,, T] x R2.
Next, for N = N, + 1, choose a subsequence of {7(™)} of the previous subsequence along which {p, (x) }nen converges
to p strongly in L2([1/(N, + 1), T] x R?) and almost surely on [1/(N, + 1), T] x R?, and so forth. We finish by an
obvious diagonal sequence argument. |

5.7 Entropy dissipation

With the strong convergence results obtained in the previous subsection, we may now establish the entropy-entropy
dissipation inequality:

5.14 THEOREM (Entropy-entropy dissipation). For each T > 0 the weak solution p of the PKS system that we
have constructed for the initial data py satisfies

Frrs[p(T)] < 400 and Halp / Dlp(t)] dt < Ha[po] - (5.37)

Proof: First remind that Fpks is lower semi-continuous function for the weak-L" convergence, see [5, Lemma 3.1].
So that the bound in (5.37) is a direct consequence of (5.23). Also by (5.23), it suffices to show that

Halp(T)] < liminf Hx[prm (T)],

n—oo

and that for any 0 < a <b < T < o0,

// 1/4 dxdtghminf//
R2 n—oo R2

for a suitable sequence {T(")}HGN, since the rest easily follows by a monotone convergence argument for taking a
to 0 and b to T
The first of these follows from the fact that H[p] is a lower semi-continuous function on L' with respect to the

1/4
T(n)

* e dt, (5.38)

W1 metric just by using the expression of Hy[p] in (1.11).

To see the second, we again make use of the almost everywhere convergence proved in the previous subsection.
Let f, := ﬁlfn) and f := p'/%. Then the sequence of functions {f,}ney — f in L* N L((a,T) x R?) from
Lemma 5.13. From (5.22), we have that the sequence {V f, },en is bounded in L?((a,T) x R?), therefore it has a
weakly convergent subsequence denoted with the same index such that {V f,}nen — o weakly in L?((a,T) x R?).
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Due to the strong convergence of the sequence {f,}neny — f in L* N L%((a,T) x R?), it is simple to identify the
weak limit as 0 = Vf. By standard properties of L2-weak convergence, we deduce that

b b
// IVf|* d dtgnminf/ |V fl? do dt
a JR2 n—=o0 Jq JRr2
which shows (5.38). |

Proof of Theorems 1.6: As noted above, Theorem 5.14 provides the final step in the construction of the properly
dissipative weak solutions. Theorems 5.7 and 5.14 provide the additional regularity properties (1.6.1) and (1.6.2).
It remains to prove (1.6.3), the dissipation of Fpks.

We now show that Fpxs[p(t)] < Frks[p(s)] for all 0 < s < t. Take 7 to be any element of the sequence {7(™ 1}, cx
whose corresponding approximated solutions {j, ) }nen converges to the constructed properly dissipative weak
solution p. Let j be such that (5 —1)7 < s < j7 and let £ be such that /7 < ¢ < ({+1)7. Using (5.11) in Lemma 5.2
and (4.9), we deduce

4
Fekspr (1)) < Frislot] < Foadlpt '+ 20727 < FRid [l '+ 2057 Y 27F < Fid ol + ZCsr?
k=)

Using (5.9) and the Lemma 5.7, we can control the error term in the right-hand side by

Frks|pr (t)] < Fexs[p-(s)] + Z||p-(s )Ilgﬁ 3279t + ZC37? < Fpislpr(s)] + 220572 .
Finally, the a-priori bounds uniform in 7 due to Lemmas 5.6 and 5.7 together with Lemma 5.16 allow us to pass
to the limit 7 — 0 leading to our claim. |

5.8 Large time asymptotics

We start by identifying the large time asymptotics of the solutions in a time average sense.

5.15 LEMMA (Time-averaged strong convergence). Let p be the properly dissipative weak solution of the PKS
system that we have constructed. Then

T+1
TlgrclxD (/T /]Rz lp(t, x) — oa(2x)| dx dt) =0. (5.39)

Proof: This follows by a standard entropy dissipation argument. Let {t,, }nen * +00 be an increasing diverging se-
quence of times and consider o, (t,z) = p(t+tn,x), for 0 <t < 1. By using the entropy dissipation inequality (5.37)
which is true for all T > 0, we deduce that

1

/ Dip(t)] dt < oo, and thus, lim Dio,(t)]dt =0. (5.40)
n—oo 0

Now, again using the uniform in time bounds (5.37) for the solution, Fpks[on(t)] < +oo, and Hilon(t)] <

Halpo] < Cp,, the concentration control inequality in Lemma 1.11 and the Gagliardo-Nirenberg-Sobolev inequality

in Lemma 1.2, we deduce

1
// o3/ dz dt < // 1/4 Pdvdt< = [ Doy at+ Ce2 < L0+ Coep (5.41)
R2 R2 Y2 Jo 72 V2 V2

Moreover, due to Theorem 5.7, we deduce

sup sup / ob(t,z) de < Cp, (5.42)
R2

neN 0<t<1



hal-00512743, version 2 - 7 Sep 2011

BCC September 7, 2011 52

for all 1 < p < co. Note that the sequence {0, }nen satisfies the equicontinuity property (5.16) in Theorem 5.6.

Summarizing, the sequence {0, }nen has the same properties (5.41) and (5.42) as the sequence of approximate
solutions we used in previous sections to construct the solution in Theorem 1.6. Proceeding as in Subsections
5.3-5.6, we deduce the existence of a subsequence, denoted with the same index, such that {0, }nen converges
towards poo with the same convergence properties as in previous Subsections 5.3-5.6. Here, p, is a weak solution
of (1.1) on the time interval (0, 1) in the sense of (1.5.2) in Definition 1.5. In particular, {oy, }nen converges to pso
in the metric space (Mi/Q, W1), with the notation of Theorem 5.6, giving

nh_}n;@ [021?%(1 Wi(on(t), poo (t))] =0. (5.43)
Moreover, repeating the arguments in Theorems 5.14 and 5.13, we get
sup Ha[poo (t)] < Cp, an hmmf// 1/4 dxdt>//
0<t<1 n—00 R2 R2
lim// o2 (t, ) da dt = // pY2(t,x) da dt.
n—oo R2 R2

Furthermore, Theorem 5.13 implies the almost everywhere convergence in (0, 1) x R? of {0, }nen towards poo, that
together with (5.43) implies that

1/4 dz dt, (5.44)

and

1
lim </ lon(t, ) — poo(t,x)| da dt) =0. (5.45)
n—oo 0 R2

Now, let us identify the limit function p., passing to the limit using (5.40), we obtain

// ( ‘Vp1/4 - >d:cdt0
RZ

which means that pe(t) is a minimizer to the Gagliardo-Nirenberg-Sobolev inequality for all ¢ € (0,1), see
Lemma 1.2, and thus that there exists A(¢) such that poo(t) = ox() Where gy is the family of the minimizers
of the Gagliardo-Nirenberg-Sobolev inequality, see Lemma 1.2. Due to (5.44) then H[ox)] < oo, we conclude
that A(t) = A since Ha[ou] = +o0 for pn # A. Therefore, po(t) = ox that together with (5.45) implies (5.39). W

We now will take advantage of the other Lyapunov functional, we shall prove that lim; . Fpks[p(t)] =
Frksloa]- In doing this, we shall make essential use of the monotonicity of Fpks[p(t)]. Let us introduce for
any C' > 0 and 6 > 0 the set

Sc,s = {p € LL(R?) : / p(x) dx = 8, / |z’ p(z) dz < C and / p' o (z) do < C’} .
R2 R2 R2

5.16 LEMMA (Convergence for Fpks). Given any sequence {pn nen i Sc,s there is a p € Scs and a subsequence

{pny, ren such that
lim |lpn, —plli=0  and lim Fpks[pn,] = Frrslo] -
k—o00 k—o0

Proof: Choose any 0 < §’ < min(é, 1) so that 26’/(1—4") < §. By uniform integrability arguments such as we have
made above, see Step 1 of Theorem 5.10, we can find a subsequence (denoted with the same index) along which
{pn}nen is weakly convergent in L9 (R2) and along which {pt}, ey is weakly convergent in L'. It follows as
in Subsection 5.6 that {p, }nen is strongly convergent in Lo (R?), and passing to a further subsequence, we may
suppose it is also almost everywhere convergent, and strongly convergent in L*(R?). Let p denote the limit. By
Fatou’s Lemma, p € Sc 5.
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Since for ¢t > 1, tlogt < (t° —1)/d, we have for p > 1, plogp < (1/8)p**+%" and for p < 1, plog(1/p) <
(1/6")p*=%". Since for € = 28', we get

[t aiapyde = [ 500 PR+ ) do
6/

1-¢
< (/ p(l + |$|2)2€/(1—5/) d.%') (/ (1 + |.T|2)_2 dm) ’
R2 R2

our choice of 8 gives the uniform integrability of {p-=%},cn. Then, by what we have said above, {p, 10g pn }nen
is uniformly integrable, and hence

n—oo

lim pn log pp, dox = / plogpdx .
R? R2

The convergence of the positive part of the interaction potential is straightforward, due to the uniform bound of
{|2]° pn }nen in L' (R?) and a dominated convergence argument. Concerning the negative part, it follows by Young’s
inequality for convolutions using the convergence of {p, }neny — p in L9 (R2) and the fact that log_ |z| € LP(R?)
for all 1 < p < oo. |

5.17 LEMMA (Qualitative stability for Fpks). For any € > 0 and C > 0, there exists §(e,C) > 0 so that if
p € Sc,s, then

Frkslp] < 8m(—1+1og(8m)) +d(e,C) = |lp—oulh <e for some p >0,

and for any R > 0, there exists (e, C, R) > 0 such that

1/2
Frkslp] < 8n(—1+ log(8w)) +d(¢,C,R) = (/ﬂ - I(v/p— o) ()| dx) <e for some >0 .

Proof: Given C, R > 0 fixed, suppose not. Then for some ¢ > 0, there is a sequence {pn }nen in Sc s such that
lim,,—, 00 Frrs[pn] = 87(—1 + log(87)) but
inf [lpn — oulls > €.

However, by Lemma 5.16, there is a subsequence, still indexed by n, converging strongly in L'(R?) to p € Scs,
such that
8m(—1+log(8m)) = lim Fpks|pn] = Frxs[p] -

By the cases of equality in the Log-HLS inequality, p = p, for some p. This is a contradiction. The second part is
proved the same way, using the uniform integrability of the \/p, p € Sc,s on {|z| < R}. |

Proof of Theorems 1.7: Recall that Fpks[p(t)] < Fpks[p(s)] for all 0 < s < ¢. We now apply this monotonicity
to improve our large time asymptotic result.

By (5.39) in Lemma 5.15, there is a sequence of times {¢, }nen 7 00 such that lim, o ||p(tn) — 0|1 = 0. By
our regularity results in Lemmas 5.6 and 5.7, {p(ts) }neny C Sc,s for some 0 < C,6 < oco. Then by Lemma 5.16,
there is a subsequence, still indexed by n, such that lim,,~ Fpks[p(tn)] = Fpkslor]. By the monotonicity of
Frks[p(t)] it follows that

Jim Fexs[p(t)] = Fris[oa] = 8m(—1 + log(8)) .

Then by Lemma 5.17 it follows that given R > 0 there exists p > 0 such that for all sufficiently large ¢,

1/2
lp(t) —oulli <€ and  ||op — VPll2,r == </{ <R}|(\//_)—@)(x)|2dx> <e.
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However, for any R > 0, by Minkowskii’s inequality and (5.37),

1/2 1/2
</ Vo — VorFox™1? d:c) < (/ IVer — v/plPoa™'? d:c) + v Halp]
{j2|<R} {j2|<R}
< V8AA+ RY)|ly/ey — Vollz.r + V/Chy -

Since the left hand side diverges as R increases, uniformly for |z — A| > § > 0, we readily conclude that g = X and
lim¢— o0 [[p(t) — 0all1 = 0. u
Appendix: proof of Lemma 4.13

By Lemma 2.3 applied to up = p and u; = pg

Mool < Hoslonl = [ 20 £50aP) + | (Vete) ~ a) e = Kis(pupo)

with f§(s) = 8\ [8A + 8(A + s)?] 82 Using (4.20), i.e. x—V(x) =7 (Ve — Vp/p) and expanding we can rewrite
it as

1
Haslp] < Haslpol +7 (—

50+ 3 () + 2010+ 2(1V) ) = Kolp. o)

where

[Vp|? / pVee - Vp
I :=- ——=d II) .= —d
() /]R? (p+5)3/2 Z ( ) R? (p+5)3/2 r

(I11) /f5 |z|?) 2 - Vecpdz  and  (IV) /f5 |z|?) 2 - Vpda ,

We will keep the term (I) and we need to perform some integration-by-parts in the other terms:
Control of (II): We can rewrite this term as

+20
11 :2/V(p )-Vcedx.
(II) . PR

Integrating by parts on the ball of radius R and noticing that —Ac. = v, * p * ., we obtain

) [ (555)
2/ V( -Veedr =2 (Ve * p* ) dx
z|<R p+o le|<k \VP+0
2
+2/ Pt 6Vce~ndo
|z|=R

Vp+o
<2 VP (e * p#ye) dz + 46 Ve * px e da
lz|<R |z|<R
p+26
+2/ |Vee| do
lz|=r VP +0
<2 VP (e % pxye) de + 327 V6
|z|<R
+2/ (Vp+2V6) |Ve| do | (5.46)
|z|=R
where we used twice the estimate ey
d <Vp+2V5 .

Vp+o
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Let us deal first with the second boundary term. By (4.5) in Lemma 4.2, we have

C
NG |Vce|do—swé(scms||v||4/3|||x|v||4/3+4+ HLS ||v||i/3lllwlplll) (5.47)

|z|=R 2me

= 167V6(J, + 1+ C.) ,

for all R > 0. To cope with the first boundary term, we observe that taking any natural N > 1, and considering

N 2
(/ \/ﬁ|VcE|dUdr> §7T(N2—(N—1)2) ||VCE||30/N pdx

N-1J|z|=r —1<|z|<N
2N -1 ~
<nlvels o [ olpdr<C? [ 2] p d
=1 Jnoi<jai<n N-1<z|<N

© N
where C. := V27|Veelleo.  Since Z/
N/ N-1

B 1/2
VP Ve dodr < Ce (/ || p d:c) , it follows that
R2

|z]=r

N
lim / VP |Vee| do dr =0, and thus, there exists a sequence {R;} oo such that
N-1J|z|=r

N—o00

lim Vp Ve do = 0. (5.48)

| —
790 J|z|=R;

Plugging (5.47) and (5.48) into (5.46), we get
1I) < 2/ VP (Ye % px o) da + 327 V6 +4V6(J, + 2n) .
R2

Finally, a simple application of Holder’s inequality gives

/R2 VP (e x px ) de < [yl e * p* vells 2 S/ P2 ds

R2

to conclude
(I1) < 2/ p>? da + 327 V6 + 4V5(J, + 27) . (5.49)
R2

Control of (III): Remind that f;(s) < (8\)7'/2 := k,/2 and that 2f}(s) — ky as § — 0, see Proposition 2.2. By
definition of ¢, and G, and by symmetry of ~y

@) = [ o) fi@)e (V6w p) @ o= ([ ofe) i) arle =2) (V6 5705 p) () deda
= [0 £5id510() (VG ) () ds
By definition of the convolution, we have
p13iden) = [ =) (=) (= 0)3la) do
= [ o) e ) ) do [ ple - a) iz - ) ule) do
R2 R2

= z(pfs*v)(2) — (pfs idve)(2) -

As a consequence, we infer

(I11) = /R2 [z (pf5 V) (2) — (pfs *id ) (2)] - (VG * e % p) (2) dz 2= (IIT); — (TIT), . (5.50)
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By the symmetrization argument just as in (1.13), the first term of the right hand side of (5.50) reads
1
(1), = 3 / 2 (p(2f5 — k) % 7e)(2) - (VG x4 % p) (2) dz — 87kip
R2
= (III),; — 87k .
We now control (IIT),; using the HLS and Young inequalities, see (4.6) to obtain

1 U
<5 ] e - m) 06)

CuLs
< = M=l [(p|2f5 — mal % ve)llays 1o * vellays

1
|m|(% *p)(z)| dz dz

< Curs
- Arm
< 2CuLs (|I1z] pI2f5 = mallls 1Vellays + Ip12f5 = mallly 2] Yellays) Vel

(Il pl2f5 = mal) * vellags + 11(pl2f5 = wal) * (2] ve)llaya) 1o % vellasa

from which
(D), < =8mkx + Ce |l [2f5 — ral 1+ |z[)p]l1 - (5.51)

To estimate the second term of the right hand side of (5.50), we make again use of the HLS inequality, see (4.6):

1
4\/_/\7T//]RZ><]R2 (px |2l 7e)(= )| —y (Ve * p)(y) dy dz

Curs
< * (2] Ve e * .
< o (12l s e = ol

|(TTD), |

By the Young inequality, and a direct calculation o (121 ve)llays < 87 [l|z] vellays = 87 Vell|z| v]|lays. and in the

same way ||ve * pllass < 87 [|Vellay3 = 81 —= \/_ 17ll4/3- The positive and negative powers of e cancel, and using (5.51),
we conclude
167 CHLs
(1) < —8mrn + Ce | 125 = mal (1 + el + === Ml Ylasa Illass
i+ Cel 25— mal (14 2ol + S0 (552)
= 87K - K T .
A 5 A Pll1 \/ﬁ

Let us estimate this third term in a different way that will be useful later on. Using again the Young inequality,
but this time eliminating v instead of p, i.e. ||ve * pllass < ||pllass, we get

1o (121 ¥ellass l1ve * pllags < 64m*V/e [[lz]vllass llpllass -
As a consequence, we get this other control on (III) by
167 CHLs
(D) < =8mrkx + Ce || [2f5 — ral (1 + [2])plls + ——=— Velllz[Yllasz [Ipllass - (5.53)
V2
Control of (IV): By integrating by parts for any R > 0, we have

/ngzfmx' ) - Vp(z)de = /m_Rp(z) fz)*)x-ndo — /|z|§RV Sz fz)] plz) da

where n denotes the outward normal to the disk Dgr. Taking into account that

z| | £i(|z?)] p(z dadr<— / :cpd:ng—/ x| pdx < oo
> e Z et o [
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N —o00

N
we have lim / / p(z) | f4(|z[*)| |z| do dr = 0. As a consequence, there exists a sequence {R;} ,* co such
N-1J|z|=r

that lim / p(x) | f5(|z[*)| || do = 0, and thus, we conclude
j—o0

|z|=R;

Iv) = / V-l fi(lal) o) da (5.54)

The desired estimates are obtained by putting together estimates (5.49), (5.52), (5.53) and (5.54). |
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