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Abstract

This paper studies the large time behavior of aggregation-diffusion equations. For one
spatial dimension with certain assumptions on the interaction potential, the diffusion in-
dex m, and the initial data, we prove the convergence to the unique steady state as time
goes to infinity (equilibration), with an explicit algebraic rate. The proof is based on a
uniform-in-time bound on the first moment of the density distribution, combined with an
energy dissipation rate estimate. This is the first result on the equilibration of aggregation-
diffusion equations for a general class of weakly confining potentials W (r): those satisfying
lim, 00 W(r) < 0.

1 Introduction

In this paper we are concerned with the large time behavior of the aggregation-diffusion

equation
0+ V- (pu) = ("), ultx) =~ [ YW - y)p(t.y)dy, (L1)

where t € R>g, x € R? are the temporal and spatial variables respectively, and p(t, x) is
the density distribution function of a large crowd of moving agents. The drift term V - (pu)
describes the pairwise attraction forces among agents, where a radial interaction potential
W = W(r), r = |x| gives rise to the drift velocity u. The attraction nature is guaranteed by
the condition W’(r) > 0, ¥r > 0. This term leads to the aggregation effect of the agents, i.e.,
they tend to get close to each other. The nonlinear diffusion term A(p™), m > 1 represents
the localized repulsion among agents [34] or the effect of Brownian motions [35, 26], and
the agents tend to avoid being too crowded due to this term.

The aggregation-diffusion equation (1.1) arises naturally in the study of the collective
behavior of large groups of swarming agents [30, 31, 9, 8, 32, 40] and the chemotaxis phe-
nomena of bacteria [35, 26, 25, 24, 7, 6, 12]. In the modeling of chemotaxis, one usually
assumes d = 2, m = 1 with W being the Newtonian attraction potential, and (1.1) is
called the Keller-Segel model [35, 26]. The most interesting phenomenon of the Keller-Segel
model is the critical threshold on the initial total mass for the existence of global smooth

solution/finite time blow-up.
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However, when m gets larger, the diffusion effect is stronger at locations with larger
density, which has a stronger tendency of suppressing blow-up. In fact, it is shown in [5, 39]
that m = 2—2/d is the critical index: global wellposedness of (1.1) holds when m > 2—2/d,
and in particular, this is the case for m > 2 for any spatial dimensions, which will be
assumed in the rest of this paper. Also, the Hélder regularity of the solution has been
studied by [19, 28].

Therefore, it is natural to study the large time behavior of (1.1). To do this, the starting
point is the formal 2-Wasserstein gradient flow structure [1, 17, 18] of (1.1). Define the
total energy

1

Elp] := m_—1

/p(X)’" dx + %//W(X —y)p(y)dyp(x)dx, E(t) := E[p(t,-)], (1.2)

where p(t, ) is the solution to (1.1), then E(t) formally satisfies

dE

& _H%Hz - —/‘u(t,x) — (") ot x) dx. (1.3)

Therefore E(t) is non-increasing, and a steady state po is reached (i.e., equilibration) if and
only the energy dissipation rate is zero, i.e.,

m —
oo (X) = = V(poo (%) ') =0, Vx € supppec. (1.4)

There have been several works towards the large time behavior of (1.1). [3] shows the
existence of steady state(s), by using scaling arguments. Regarding the uniqueness of steady

state and equilibration,

e In the special case of Newtonian attraction, [29, 38, 13] prove the uniqueness and
radial symmetry’ of the steady state for m > 2 — 2/d. [27] generalizes these results
to cases where the interaction potential is the convolution of the Newtonian potential
with a radially-decreasing function, and prove the exponential equilibration of (1.1)
for radially-decreasing initial data. This work is based on a comparison-principle argu-
ment: it relies on the fact that the radially-decreasing property of solution propagates

in time, which is not true for general interaction potentials.

e For a general class of interaction potentials, [15] shows that every steady state has
to be radially-decreasing, for interaction potentials which are no more singular than
the Newtonian attraction near the origin. This work uses the continuous Steiner
symmetrization (CSS), and proves that the energy dissipation rate has to be strictly
positive if p is not radially-decreasing. It also improves [27] to prove the equilibration
for general solutions, in the case of Newtonian attraction, but without an explicit con-
vergence rate. This idea, combined with Hardy-Littlewood-Sobolev type inequalities,
has been applied in [11, 16, 10] to study the radial symmetry and uniqueness of steady
states for Riesz potentials W (r) = r*/k, —d < k < 0 which could be more singular
than Newtonian if kK < —d + 2.

e [22] shows the uniqueness of steady state for a general class of interaction potentials
in the case m > 2, and non-uniqueness in the case 1 < m < 2 for some potentials.
The main approach to prove the uniqueness for m > 2 (which will be relevant to the
current work) is the design of a curve connecting two radially-decreasing states, having

convexity property for the energy functional.

LA density distribution p(x) is radially-symmetric if p is a function of r = |x|, and radially-decreasing if p(r),
as a function of r, is decreasing on [0, c0).



Although a great amount of effort has been spent on the large time behavior of (1.1) in
the past decade, the equilibration of (1.1) for general interaction potentials remains open.
Once we know the existence and uniqueness of steady state (which is the case of m > 2
with general interaction potential), the biggest difficulty towards equilibration is tightness,
i.e., guaranteeing that no mass can escape to infinity. To be precise, one typical way (as
done in [15]) is to pick a sequence of time spots {t,}, and try to take a strongly convergent
subsequence of {p(t,,-)} (in certain norm), and prove that this subsequence has to converge
to the unique steady state. This cannot work if a positive amount of mass escapes to
infinity: take d = 1 for example, if there exists a sequence x, with lim,_ o x, = oo and
f;:“ p(tn,z)dz > ¢ > 0, then there cannot be a strongly convergent subsequence of
{p(tm )}

To this end, one can distinguish the interaction potentials into two classes:

e Strongly confining potentials: if lim,_oc W(r) = co. In this case, from the uniform
bound E(t) < E(0), V¢ > 0 one can easily rule out the ‘escaping to infinity’ situation
mentioned above and gain the tightness, and therefore obtain the equilibration.

e Weakly confining potentials: if lim,— o W(r) < oco. In this case, a direct use of
E(t) < E(0) does not give the tightness, and it is hard to obtain tightness.

The current work gives a first result on the equilibration of (1.1) for a large class of weakly
confining potentials. In the case d = 1 and under certain assumptions on the asymptotic
behavior of W'(r) as 7 — oo, we prove the equilibration of (1.1) with an explicit algebraic
decay rate for m large enough and certain sub-critical initial data. Our result covers the
potentials with W' (r) behaving like 7~ as r — oo for any a > 0, including weakly confining
potentials. Also, all our assumptions on W'(r) are on its size: no structural assumptions
like those in [27] are required.

The main difficulty, of course, is to obtain the tightness for such weakly confining poten-
tials. We overcome this difficulty by proving a uniform-in-time bound of the first moment
of p, via proving the finiteness fooo f;;;l p(t,z)dz dt for Ry large. This is obtained by del-
icate estimates of the energy dissipation rate via several newly-designed curves for density
distributions: two of which are CSS and its variant, to control the non-radially-decreasing
part of p in the above integral; another one is a local compression map which reflects the
tendency of local clustering, to control the radially-decreasing part. In fact, the formation
of local clusters of (1.1) with m > 2 has been numerically observed in [2, 14]. The reason
behind is that, when m is large, due to the difference in homogeneity, the aggregation term
V - (pu) (which is quadratic in p) is much stronger than the diffusion term A(p™) in regions
where p is small, and the aggregation term, like that in the consensus model [33], leads to
local clustering.

Based on the tightness, we also manage to obtain an explicit equilibration rate, by
refining the energy dissipation rate estimates in [15] and [22], and connecting them via a
perturbative argument. Although the current rate we obtain is algebraic, these estimates
could give an exponential rate, provided a stronger result on tightness (for example, a
uniform-in-time bound on the size of support of p). We believe that such estimates on the
explicit convergence rate is essential if one wants to study the second-order analog of (1.1),
i.e., the isentropic Euler equations with a power-law pressure with pairwise attraction force
and certain velocity damping mechanism (linear damping or Cucker-Smale alignment [20,
21, 23], for example).

This paper is organized as follows: in section 2 we introduce some assumptions and state

the main result, namely, Theorem 2.1. In section 3 we give the definition of some basic



notations and give an outline of the proof, including the important intermediate results. In
section 4 we introduce a few variants of the continuous Steiner symmetrization, which are
crucial to many parts of the proof of the main theorem. In section 5 we prove Theorem 3.2
concerning the tightness of the solution. In section 6 we prove Theorem 3.6 which gives the
quantitative estimate of the energy decay rate. In section 7 we finish the proof of the main

result Theorem 2.1. The paper is concluded in section 8.

2 The main result

From now on, we will focus on the case of one spatial dimension (d = 1) with m > 2,

for which (1.1) can be written as

0up+ 0s(pu) = Oalp™), ults) = = [ W'la = p)p(t,y) dy. (2.1)

The initial data of (2.1) is denoted as p(0, ) = pin(-).

We propose the following assumptions:

e (A1) W = W (z) is an attractive potential:

W) =0, W(x)=W(-=z), W'(z)>0,Vr>0. (2.2)

(A2) W' satisfies upper and lower bounds:

W[l o (0,00) < 00, ) = ca(l+]z) ™ < W'(2) < A(x) := Cp(1+]a]) ™7, Va >0,
(2.3)
for some ao > > 0, co,Cs > 0.
[ (A3) HW/H”LOO(O,OO) < 0.
o (A4) m > max{2,a}.
e (A5) The initial data is radially-symmetric: pin(z) = pin(—z), non-negative, com-
pactly supported, with total mass 1: [ pin(z)dz = 1.
e (A6) The initial data is sub-critical, in the sense that
1
B(0) < lim W(2) +2E[p /2], (2.4)

where po.,1/2 denotes the unique steady state determined by the same W and m
with total mass 1/2 (whose existence and uniqueness are guaranteed by the results
in [3, 15, 22] with the previous assumptions).

Then we state the main result:

Theorem 2.1. Under the assumptions (A1)-(A6) on W, m and pin, the solution to (2.1),
denoted as p(t,-), satisfies

2 Oé3

E(t) — Boo < CA+1)"Y7, 'y:2+a+4%+?, (2.5)
for some C' > 0, where E(t) is as defined in (1.2), and Ec = E[poc] with pss being the
unique steady state of (2.1) with total mass 1.

This result shows the equilibration of (2.1) with an explicit algebraic decay rate. Before

discussing the proof, we first give a few remarks on the assumptions:



1. The lower bound with A(z) in (A2) dictates the decay rate of W'(z) as = gets large.
In particular, if o > 2, this lower bound is consistent with weakly confining potentials,
i.e., those W satisfying lim,— .o W (z) < co. For example, W (z) = —W +1is
a weakly confining potential satisfying (A1) and (A2) with parameter a, if o > 2.

2. (A2) requires W'(z) bounded below when z > 0 is close to 0, and thus W(z) ~ c|z|
for some ¢ > 0, i.e., behaves like the 1D Newtonian attraction near 0. In particular,
it does not allow smooth W (for which limg—o W'(z) = W’(0) = 0). It may require
more work to allow such degeneracy of W’ near 0 (which could make the confining

effect weaker), and this is out of the scope of this paper.

3. The upper bound with A(z) in (A2) can be viewed as a condition number on W'
besides knowing that it cannot be too small for large x, we also need to know that it
cannot be too large. This is critical in the proof of the tightness (Theorem 3.2) where
we need to estimate the influence from mass which are very far away from the center.
We remark that the proof also works under a weaker assumption limg_, o A(z) = 0,

but in this case one could only obtain the equilibration with no rate.

4. The assumption (A3) is only used in the energy dissipation rate estimate (Lemma
6.4) and not required in the proof of the tightness.

5. In (A4), the condition m > 2 is to guarantee the uniqueness of steady state, see [22].
The condition m > « is critical in the tightness of the radially-decreasing part (see
(3.4) for the definition), c.f. Proposition 3.4. Intuitively, the radially-decreasing part,
which is small for large x (to be precise, at most O(1/x)), has weaker dissipation effect
for larger m, and this makes the solution having less tendency of escaping to infinity.
This competes with the A(xz) lower bound in (A2), which says that the attraction
force which drives mass back to the center, cannot be weaker than \(z) for large x.
To the best knowledge of the author, the competition between these two mechanisms

has not been studied before.

6. The total-mass-one condition in (A5) is not restrictive: one can always reduce to this

case by scaling arguments.

7. The purpose of (A6) and the symmetry assumption in (A5) is to keep at least a
positive amount of mass not escaping to infinity (Lemma 3.5). In particular, (A6)
avoids the possibility that two bulks of mass with the same shape escape to co and —co
respectively. In the proof of tightness, this part of the mass near the center will serve
as a source to attract other mass towards the center. It is still open whether the radial-
symmetry and sub-critical condition of the initial data are necessary to conclude the
equilibration. Also notice that (A6) is automatically satisfied for strongly confining

potentials.

8. For initial data satisfying (A5), Theorem 2.1 also applies if p(to, -) satisfies (2.4) with
E(0) replaced by E(to), for any o > 0. In particular, if one observes E(t) falling below
the critical threshold in a numerical simulation with a certified error bound, then one

can conclude the equilibration.

3 Notations and outline of the proof

In this section we state some basic notations which will be used throughout this paper,

and give an outline of the proof.



3.1

3.2

Notations

Throughout this paper, the assumptions (A1)-(A6) are always assumed in the state-

ment of all intermediate results.

p = p(z), with possible t-dependence stated as below, always denotes a density distri-
bution function which is radially-symmetric, non-negative, compactly supported, with
total mass 1. p(t,-) always denotes the solution to (2.1) with (A1)-(A6) satisfied.

p+(-) always denotes a family (also called curve) of density distributions, depending on
the parameter ¢, for 0 <t < ¢; with ¢t; > 0. Usually po is taken as the initial data pin
and the curve is constructed from po, and generally it does not coincide with p(t,-).

pt may refer to different curves in different context.

We write the total energy E[p] into the internal part S[p] and interaction part Z[p]:

1 . 1
Blp) =Sl +2lpl, Sl =ty [ o7 de, Tl =5 [ [ W —)oty) dup(e) da.
(3.1)
We further define a bilinear form for the interaction energy:
1

Zionpl = [ [Wia = wp)dym(@)de, Tl = 3Zlopl. (32

We will denote p# as the Steiner symmetrization of p, defined implicitly as:
#(|{z: p(z) > h}|/2) =h, Yh>0 (3.3)

p x:p(x , . .

It is clear that p? is radially-decreasing, compactly supported, with total mass 1, and
S[pl = Slp*].
The radially-decreasing part p* of p is defined as the radially-decreasing distribution
with largest total mass such that p*(z) < p(z), Va. It is explicitly given by

p'(z) = min p(y). (34)

0<y<=

Then we decompose p(zx) into

p(x) = p"(x) + p(x), px) = p(®)X0,00) () + 1(T)X(~00,0) (%) =t p () + p—(2),

(3.5)

where p(z) = plp](z) is the non-radially-decreasing part of p(z) (its dependence on

p will be omitted when it is clear from the context). u is radially-symmetric, non-

negative and compactly supported.

C and c always refer to positive constants which may depend on

lW||Loe, [W" || Lo, @, ca, B, Cs, m, pin, as appeared in the assumptions (A1)-(A6),

and they may differ from line to line. Usually C refers to a large constant and c refers

to a small constant.

Outline of the proof

We give an outline of the proof of Theorem 2.1. The starting point is the following lemma,

which reduces the estimate for energy dissipation rate into finding a suitable curve p; with

large energy decay rate and small cost. It is indeed a consequence of the 2-Wasserstein

gradient flow structure of (2.1).



Lemma 3.1. Let p¢(z), 0 < t < t1, t1 > 0 satisfy po = pin and
Oupt + Oz (prvr) = 0, (3-6)

for some velocity field vs(z) with fvfpt dz < co. Assume

d
il Eled <. (3.7)

Then the solution p(t,z) to (2.1) satisfies

d

d A])2
aQ Elp(t,")] < _ (G Elee (D

t=0 [ vipedz

. 3.8
o (3-8)
Notice that the denominator f vfpt dx represents the infinitesimal cost of the curve p;

in the sense of the 2-Wasserstein metric, in align with the Benamou-Brenier formulation [4].

Proof. Write v(t,z) = u(t,z) — -5 0.(p(t,z)™ ") as the velocity field of (2.1). Then the
2-Wasserstein gradient flow structure reads

d

Oip(t, ) + 0z (p(t, z)v(t, x)) =0, P

t=0

We also have

d 1/2
% tfoE[pt] =— /vo(:c)v(O, z)pin(z)dz > — (/ vo(2)? pin(z) dz - /U(O,x)2pm(m) dx> ,
(3.10)
in case the LHS is negative, and the conclusion follows.
O

This lemma can also be applied at any time ¢ rather than the case at the initial time
(t = 0) as stated above. Combined with various constructions of the curve p, it allows us
to bound the energy dissipation rate from below for certain types of density distributions
p(t7 )

The proof of Theorem 2.1 has two main steps:

1. Give a uniform-in-time estimate of the first moment
my(t) := / |z|p(t, z) dz, (3.11)

see Theorem 3.2. This gives the necessary tightness for the equilibration.

2. Give a quantitative estimate of the energy dissipation rate, in terms of the size of
support R(t) = max{|z| : z € suppp(t,-)}:

d
1 E®) = —c(R)(EQ?) — Elp=]), (3.12)
see Theorem 3.6. The uniform moment estimate basically says that the size of support
is uniformly bounded, up to a small tail, and a perturbed version of Theorem 3.6 gives

the algebraic convergence rate (c.f. section 7).

In the rest of this section, we outline the important intermediate steps for the uniform

moment estimate and the quantitative dissipation rate estimate.



3.3 Uniform estimate of the first moment

We formulate the uniform estimate of the first moment as follows:

Theorem 3.2. We have
my(t) = / |z|p(t,z) dz < C, (3.13)

for allt > 0.

We prove this theorem as follows, with the aid of intermediate results stated in this

section:
Proof. We start by defining an alternative of my:
0, |z|<5R:
/(;5 p(t,z)dz, o(x)= %(M —5R1)%, 5Ry < |z| < 6R, , (3.14)
Rilal - 5 RS, Jo] > 6R,

where ¢ is a convex function, designed to satisfy ¢ = X[-6R1,~5R1]U[5R1,6R1], and R1 > 0 is
a large constant to be chosen. It is clear that the uniform-in-time bound of m; is equivalent

to that of my, for any choice of R;. Then it is important to observe that

5 [ et

/qﬁ Oz (pu) + Oza(p™) dx-/qﬁ pudx+/¢" )p™ dx
- [d@ptto) [ Wia =gty dyaz+ | plt, )™ da (3.15)

5R; <|z|<6Ry

=— % //W/(x —y)(¢'(z) — ¢'(v)p(t,y) dyp(t, z) dz + /Snglm‘SﬁRl plt, )™ da
- /5R1§\m\§631 p(t,2)" dz,

where the last equality symmetrizes z and y by using W'(—z) = —W'(x), and the last
inequality uses the facts that both W'(z — y) and ¢'(z) — ¢'(y) have the same sign as
x —y (a consequence of the attractive nature of W and the convexity of ¢). Then Theorem
3.2 follows from the finiteness of fooo f5R1SIxI§6R1 p(t,z)™ dz dt, which is guaranteed by
the uniform L* bound of p(¢,z) (Lemma 3.9) and the following two propositions, for the

non-radially-decreasing part and radially-decreasing part respectively. O

Proposition 3.3. For Ry sufficiently large and Ry > 2R, we have

» a2
/ / u(t,z)dedt < CRY™ 7. (3.16)
0 [2R1,R2]

Proposition 3.4. For Ry sufficiently large, we have

/ / p (t,z)dzrdt < CRT
o J[5R1,6R4]

The proof of these two propositions will be given in section 5, with the aid of the variants

2
+4(}T+gﬁ

(3.17)

of CSS curves discussed in section 4.
We finally remark that the critical threshold assumption (A6) is used in the proof of

these two propositions, by the following lemma:



Lemma 3.5. For R: sufficiently large, there exists ¢, > 0 such that
/ p(t,z)dx >¢c,, VE>0. (3.18)
[0,R1]

Proof. We first show that the function s — E[pe,s] (where pos,s is the unique steady state
with total mass s) defined on Rs¢ is continuous and increasing in s. In fact, for any s > 0
and |d] < 1,

Elpoc,(1+8)s] < El(1+8)poc,s] < max{(1+6)™, (1 +6)*} Elpse.s], (3.19)

since the density distribution (148)peo,s has total mass (1+48)s. Then the claimed continuity
and monotonicity follows.
By (A6), if R; is sufficiently large, there holds

B(0) < (% — )W (2R1) + 2B [poe 1 2o, (3.20)

for some ¢, > 0.
Assume on the contrary that f[O,Rl] p(t,z)dz < ¢, for some t. We decompose p = p(t,-)
into
P = PX[-R1,R1] T PX(~oc,~R1] T PX[R1,00)5 (3:21)
and then by the symmetry of p, we have

1
/pX[Rl,oo) dz = /px(_oo’_Rl] dz > 5~ e (3.22)

By the bi-linearity of the interaction energy,

Elp] =E[pX[- Ry ,r1)] + E[PX(=c0,— R1]] T ElOX[R1,00)]
+ Z[pX (~00,~R1]s PX[R1,00)] + Z[PX[~R1,R11s PX(~00,~R1)] T Z[PX [~ Ry, R1]s PX[Ry ,00)]

e} —Rq
ZO"‘V_E[poo,l/Z—cp} +E[poo,l/2—c,,] +/ / W(x_y)p(y) dyp(l‘) dz+0+0
Rq — o0

1
= —¢,)’W(2Ry),

>2E[poo,1/2—c,) + (2

(3.23)
where the last inequality uses the fact that |z — y| > 2R, in the integrand and thus W (z —

y) > W(2R:). This and (3.20) contradict the fact that the total energy is decreasing:
Elp(t,-)] < E(0).

O
3.4 Quantitative estimate of the energy dissipation rate
We formulate the quantitative estimate of the energy dissipation rate as follows:
Theorem 3.6. If suppp(to,:) C [—R, R] for some to > 0 and R > 0, then we have
d A(R)*
— E(t) < — E(to) — Exo)- 3.24
dt le=t, - CR11/3( (fo) ) (3.24)

This result is locally optimal, in the following sense: suppose one knows suppp(t,-) C
[ R, R] for some R > 0 and all t > 0, then Theorem 3.6 implies the exponential decay of
E(t) to Es. In other words, apart from tightness issues, this is the best estimate one can
obtain for the energy dissipation rate.

To prove Theorem 3.6, we start by the following proposition, which describes the en-
ergy dissipation rate generated from the non-radially-decreasing part: this is a quantitative

version of Proposition 2.15 of [15] (in its 1D version).



Proposition 3.7. If suppp(to,-) C [-R, R], then we have

% t:tOE(t) = _C%(E(to) - E[p#(t(% - (3.25)

Proposition 3.7 gives a lower bound on the energy dissipation rate for p which is not
radially-decreasing, i.c., p(t,-) # p*(t,-), but it is useless for radially-decreasing distribu-
tions. To deal with this difficulty, we first give a quantitative version of Theorem 2.6 of [22]

(in its 1D version):

Proposition 3.8. If p(to,x) is radially-decreasing at some to and suppp(to,-) C [—R, R],
then the solution to (2.1) satisfies

% O _C%(E(to) - Ex). (3.26)

Proposition 3.8 gives the decay rate for radially-decreasing distributions. To obtain an
effective energy decay rate estimate, we still need to deal with one case: when p(t, -) is close
to being radially-decreasing but not radially-decreasing. In this case, Proposition 3.7 only
gives tiny amount of energy decay rate, but Proposition 3.8 does not apply. To handle this
difficulty, we will use a perturbed version of the proof of Proposition 3.8 (c.f. Lemma 6.4)
and finish the proof of Theorem 3.6.

3.5 Some regularity lemmas

Before we go to the details of the proof, we state a few lemmas on the regularity of the
solution p(t, -):

The following Lemma is a direct consequence of Theorem 3.1 of [28]:

Lemma 3.9. The solution p(t,-) to (2.1) satisfies

llpll Lo ((0,00)xR) < C. (3.27)

Next we prove the following lemma:

Lemma 3.10. The unique steady state poo satisfies
[l poollzoe + |Dzzpoe (0)] < C. (3.28)

Proof. Tt is straightforward to check that ||peo||Le < C. Then, poo satisfies the steady state
equation
Oaz (P2) = B (poc (W' o)), (3:29)
which implies
mpg_laxxpoo = :cpoo(W/ * poo) + poo(W/ * 3xpoo) — m(m — l)pg_Q(ﬁmp)z (330)
When evaluating at x = 0, we first notice that 9;ps0(0) = 0 by symmetry. Furthermore,

W Oz poclloe < [IW'[|oe [0z pooll L1 < C, (3.31)

since [|9zpoollzr = 2 [ (—0zpoo) dz = 2poe(0) by the radially-decreasing property of poo.
Also notice that ps(0) > 0 since po is radially-decreasing and has total mass 1. These
facts imply |0z poo(0)| < C. O

10



4 Variants of continuous Steiner symmetrization

Continuous Steiner symmetrization (CSS) was introduced in [15] to prove that the energy
dissipation rate is positive if p(t, -) is not radially-decreasing. In its 1D version, It is a curve
p+ of density distributions which moves the non-radially-decreasing part of po towards the
origin, see section 4.3 for the precise definition. In this section we discuss the original CSS

and two variants, and estimate the energy change associated to them.

4.1 h-representation of density distributions

We first introduce the following way to represent a density distribution p(z):

@) = [ xepm (@) dh, Clal(h) = Lo p(a) > 1. (41)
We will call a given set-valued function C(h) : [0, 00) — {symmetric subsets of R} admissible
if
C(h1) C C(ha), Vhi > ha. (4.2)
We define -
plCI@) = [ xew (@) dn (4.3)
0

It is clear that for admissible C(h) one has C[p[C]](h) = C(h), a.e..

For an open set C(h) C R (for a fixed h), we define Iy(h) = (—ro(h), ro(h)) as the unique
maximal interval in C(h) containing 0 (if there exists such an interval, otherwise Io(h) = 0).
We always write C(h) = |J; I;(h) as a (finite or countable) union of disjoint open intervals?,
with I; C (0,00) for j > 0, and I_; = —I;. We always use the notation I; = (¢; —r;,c;+715)
when the underlying I; is clear. See Figure 1 as illustration.

Without further explanations, we always assume to write C(h) = |J; Z;(h) with I; dis-
joint. However, sometimes an interval I; € C(h), j # 0 may be assumed to be cut into
smaller pieces when necessary, for example I; = (¢; — 75, ¢; +1;5) is replaced by two intervals
(¢;j —r;, X) and (X, ¢; + ;) for some X € I;. A finite number of such operations for each
h only modify C(h) at a finite number of points, and thus do not change p|C].

Once every interval I; is cut at some X, then the point X will not appear as an interior
point of any ;.

It is clear that

@ = [ xnm@dh @)= [ 0@ dh (14)
0 0 j#o
The following lemma describes the internal energy for a density distribution given by
C(h):

Lemma 4.1. For any C(h) and smooth convex function ®(z) defined on [0, c0) with ®(0) =
0, there holds

/ B(p[C)(x)) da < / T (mleh)] dh, (4.5)

If ® is strictly convex, then equality holds if and only if C is admissible.

2In the rest of this paper, we may not be precise about whether such intervals are open or closed: this does
not affect p[C] in the a.e. sense.
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Figure 1: Tllustration of p*(x) (the white region under the curve), u(z) (the red regions), C(h) =
U; Zj(h) (the blue dashed segments), and the CSS1 curve (red arrows).

Proof.

/ (p[C](= dx—// (Z) dhdac<//zec<h h) dh da
= [ [, ¥maman= [T awicemian

where the inequality uses the fact that |[{h : z € C(h)}| = p[C](z) and @’ is an increasing
function. If @ is strictly increasing, then equality holds only when {h : z € C(h)} =
[0, p[C](x)] for every z, which implies C(h) is admissible. O

(4.6)

This implies that for the CSS we will define in the following subsections, the internal
energy is always decreasing, by the following:

Corollary 4.2. If C(h) is admissible, and C(h) satisfies
IC(n)| = Ic(h)], (4.7)

then
/@@@@»ﬂs/@@mw»m. (4.8)

Remark 4.3. We will consider several curves p; for a given po, defined by pr = p[C:] for
some well-designed C; with Co = C[po]. To apply Corollary 4.2, we take C = C[po] which is
clearly admissible, and C= Ci, t > 0. In fact, in all the applications in this paper, C=0C is
also admissible and the equality in (4.8) holds, but we still want to formulate Corollary 4.2 in
the general form as stated. We believe Corollary 4.2 is comparable to the entropy condition

in the study of hyperbolic equations, and this comparison deserves further investigation.
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attraction .
attraction

Figure 2: Proof of Lemma 4.4: case x > r (left) and case z < r (right).

4.2 Basic lemmas for CSS

Before we introduce the variants of CSS, we first give two lemmas which will be useful
for the energy decay estimates for CSS.

The following lemma gives the interaction energy decay rate when a point mass is moving
towards the center of the characteristic function of a symmetric interval:

Lemma 4.4. Let r,x > 0. Then

d
dt

ZIX[=rr]s Oz—t] £ —2X(r + ) min{r, z}, (4.9)

t=0

where 6, denotes the Dirac delta centered at x.

Proof.

=0 /,T Wiz —t-y)dy= —/T W(z—y)dy.  (4.10)

-

d d
g T o] =

If x > r then z — y > 0 always holds, and it follows that

d
L T, 0] < =2 . 4.11
L T e < 20+ ) (411)
Otherwise
d 2x—7r ,
’n t—OI[X[_r’r]’ Ox—t] = — / Wiz —y)dy < —2X(r + x)z, (4.12)
by using W'(—z) = —W'(z). O

The following lemma is essentially Lemma 2.16 of [15], which claims that the interaction
energy is decaying when characteristic functions of two intervals have centers getting closer.

For the sake of completeness, we provide its proof here.

Lemma 4.5. If c1(t),ca(t) satisfies <= |c1(t) — c2(t)] <0, then
t=0

d
Tt oo TXter @ =r1er @41l Xiea (0= rzsea )+ r21] < 0. (4.13)

13



Proof. By translation and exchanging c1, c2, we may assume c1 () = 0 and c2(0) > 0, c5(0) <
0. Then

dt

[ L&) =r1se1 (®)+r1]5 X[ea (8)—ra,ca(8)+r2]]

/ / (1) + ) dy da
(4.14)
/ /

c2(0) +y)) dy dz

== ch(0) [ (Wl = (@a(0) — 1) = W(o = (e2(0) +72))) da

Notice that for ¢(z) := [} W (z — z) dz which sastisfies ¢(2) = ¢(—2),

1

d 1
gqé(z) =— W' (x—2)de=W(—r1 —2) = W(r1 — 2) >0, (4.15)

oy
for z > 0, since | — r1 — z| > |r1 — z| in this case. Therefore the conclusion follows from
(4.14) and the fact that |c2(0) — r2] < |c2(0) + ra]. O

The following lemma estimates the cost of CSS in the sense of 2-Wasserstein metric (c.f.
Lemma 3.1):

Lemma 4.6. Let p; be defined by
UIJ ty Jt_ Cj(t)_rjacj(t)+rj]v (416)

for each h and I; C C(h). Then

1 pt(z) ,
Oipr + Ou(prve) =0,  vi(x) = m/o Cj(a,h,t) (1) dh, (4.17)

where j(z, h,t) in the last expression means the unique interval I;+ C C(h) containing x.

There holds the estimate for the cost function

/Utptd:v - /Z|I| EAGIRE (4.18)
Proof. 1t suffices to verify (4.17) at ¢ = 0. In fact,

z) = /OOO Z X1, (n) (x) dh. (4.19)

Taking the primitive function,
[ wwar= "2 [ xm@ddi= [T (s namldn (420)
—oo 0 j —oo 0 j

Now fix x and take %

t*O/Z pely dy‘/ > ( ¢j(0)) dh, (4.21)

dt lt=
]:cEI]t

d

since |(—oo,x] N I;+(h)| is constant in ¢ unless € I;:(h). Then taking z derivative we
obtain (4.17).
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To see (4.18), (omitting the indices t)

9 1 p(x) , 2
de = | — ; dh) d
/U pax /p($)(/0 Ci(xz,h) ) T
</ 1 (/p<z>( ) dh) (/pm dh)d
R . x
) 0 Cateh) 0
p(ﬁf)
// Cj(z h) dthL’

:/Zuj|-|c;| dh.
J

(4.22)

O

4.3 CSS1 (the original CSS): moving all particles with unit
speed

In this and the following subsections, we will define a curve p; = p[C¢] in each subsection,
for a given density distribution p = po and C = C[p]. We will always assume that C.(h)
remains symmetric for any ¢, h, and then we only need to specify the movement of I;, j > 0:
there always holds o = Ip and I_j; = —1I;¢, j > 0.

The curve we will define in this subsection is the same as the CSS defined in [15]. We
define the CSS1 curve p; for small ¢ > 0 by®

L =(c; —t) =rj,(¢c; —t) + 5], 5 >0, los=Io, (4.23)
where C(h) = U; I; and Ci(h) = U, I+ See Figure 1 as illustration.
We have the following energy decay estimate:
Lemma 4.7. For any fized R3 > 0, we have the estimate
d 2

7‘ I[p] < 72>\(2R3)( / () dx) . (4.24)
dt lt=0 [0,R3]
Proof. We will cut every interval I, j > 0 at R3, and this does not change the CSS1 curve.
By using the bi-linearity of Z,

d

EIE R D DD DR

I;CC(h1) IkCc(hz)

ZIX1;.4> X, ] dha dho. (4.25)

It is clear that % I[XI]wXIk .] < 0 always holds, by Lemma 4.5. Furthermore, if

7 <0, k>0andIJ,IkC[ Rg,Rg] then

E‘t:OI[XIj,t7ka,t]
d T Tk
=2 / W((e, +t+a) — (co —t +y)) dedy
= T (4.26)
—2/ / W' ((c; + ) — (ck +9))drdy
—rjJ—rg

< = 2M(2R3)| L] - Lkl

and similarly for j > 0, k < 0. Summing over j,k and integrating in hi, ho gives the

conclusion (where we use the fact that every I; is cut at Rs).

O

3We ignore the issue that for some p(z) this may not be well-defined for any ¢t > 0 small. This issue can be

easily handled by approximation arguments, since our main focus is the behavior of p; for arbitrarily small ¢ > 0.

The same applies to all other curves p; defined in this paper.
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Rli cut at RQE

Figure 3: Illustration of the CSS2 curve: only the red regions are moving left.

Corollary 4.8. For the solution to (2.1) we have the energy decay estimate

SBR[

w(z) da:)4. (4.27)
[0, R3]

Proof. 1t suffices to prove for ¢ = 0. We consider the CSS1 curve with po = pin. Lemma 4.6
shows that the cost [ v2pdz < 1 for CSS1. Therefore the conclusion follows from Lemma
4.7 and Lemma 3.1, by noticing that the internal energy is decaying along this CSS curve:
41 S[p:] <0 by Corollary 4.2. O

dt t=0

4.4 CSS2: moving all I; with center in [R;, R;] with unit speed

Fix Ry > 2Ry > 0. For a given distribution p(z) with h-representation C(h), assuming
every interval I;, has been cut at Ra, we define the CSS2 curve p; = Sa[p] for small ¢t > 0
by

L - {[(Cj —t)—rj,(c;—t)+r;], ifc; €[Ri, R 7 (4.28)
I; otherwise
for every j > 0, and Ip,; = Ip. See Figure 3 as illustration.
We have the following energy decay estimate:

Lemma 4.9. Fiz 0 < 2R1 < Ry < Rs, with Ry large enough such that (3.18) holds. Then
we have the estimate

d C 4R1
— < — ) B =
o s= [ man[Sa(em+ T
7>0,cj(h)€E[R1,R2] (4 29)
R3 oo
(Wl [ ) do+ AR~ Ro) [ pta)do) .
Ro R3
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Proof. We will further cut every interval I; at Rs, and this does not affect the definition of
CSS2 since all I, j > 0 which are moving are inside [0, R2] (because every I; has been cut

at R2). By using the bi-linearity of Z,

d 1 d
E t:OI[pt} _5// Z Z a’t:OI[XIj’“XIk’J dh dhe

1;CC(h1) I CC(ha) (4.30)

For any C(h), we write
C(h) =IoUCLUC2 U03UC,1UC,2UC,3, (4.31)

where Ci,2,3 contains those I;, 7 > 0 whose ¢; are inside [0, R1), [R1, R2], (R2,00) respec-
tively (similarly C_1,—2,_3 are for j < 0). By definition of CSS2, only those I; C C+2 are
moving, and thus the terms on RHS of (4.30) are nonzero only when I; C C42 or I, C Cio,
and we only need to analyze the case I; C C2 by symmetry.

Take I; C C2(h1) (whose ¢; is in [R1, Re] and moving to the left). Then*

o If I C Cl,o,_17_2,_3,(h2) then clearly %

Zlx1;.¢) X1,..) < 0 by Lemma 4.5 since Iy,
t=0 ’

¢k > 0) and ¢ < ¢j.

is either staying or moving to the right (i.e., %
t=0

e If I, C Ca(h2) then clearly %

Z[xr; > X1,..) = 0 since I; and Iy are both moving
t=0 ’ ’
to the left with speed 1 (i.e., %‘ (cke —cj) = 0).
t=0
e If Ij, C C_1,—2(h2) then by Lemma 4.4,

a4
at

ZIX1j 00 X1k, ) < —A2R2)|15] - |1kl (4.32)

t=0
since I C (—00,0] is either staying or moving to the right, I; NI, = 0, and I;, I, C
[ Rz, R2].

e If k =0 then I = Iy(h2) is staying, and by Lemma 4.4,

d
E ‘t:OI[XIj,t ’ Xlo(hg)]

cjtTy
< _2/ A& + ro(hs)) min{, ro(ha)} dz

5T
ci+r;
<~ 2A(Ra + ro(hg))/ " min{z, ro(h2)} dz
cj—Tj
e (4.33)
< -— 2>\(R2 + To(hz)) / (min{cj — ’r‘j,’r‘o(hz)}
cj—Tj
n min{c; + ’l"j,’l"o(hQ)}z— min{c; — r;, To(h2)}m) du
Tj

= — QA(RQ + To(hz))?"j(min{cj' —+ Tj,’l“o(hz)} —+ min{cj — ’I“j,To(hQ)})
< = A(Rz + ro(h2)) min{ Ry, ro(h2)} - |1;],

where the second inequality uses the concavity of z — min{z,ro(h2)}, and the last
inequality uses the fact that c¢; > Ry.

4Below, items 3,4 are the quantitative good contribution, and item 5 is the bad contribution.
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e If I;; C Cs(h2) then I C [R2,00) is staying, and

I[XI] t0 X1g, t]
—t+2x—y)dydx
— / W'(c; +x —y)dyda (4.34)
—rj Iy
cj+r; cjtrj ,
/ (zx—vy dydxf/ / Wiz —y)dydz
cj—rj I.N Rz,R3] cj—rj I;N[R3,00)

<1 (W |zee [Tk 0[R2, Rs]| + A(Rs — Re)|Ik N [Rs, 0)]),
where the last inequality uses the uniform upper bound for W’ for the first integral,
and the decaying upper bound A for W’ for the second integral, due to I, € [0, Ra].

Therefore, by summing over k£ and integrating in he, we get

d
/? Eltzoz[x%w Xlk,t] dhs

=141 [A(2Rz)/OR2 p(z) dm+/)\(R2 +70(h2)) min{ Ry, 70(h2)} dha (4.35)
_ (||W’||Loo /:3 ((z) dz + A(Rs — R») /: () dx)].

Then we estimate (where € > 0 to be determined)
/)\(Rz + ’r‘o(hz)) min{Rl, To(hg)} dha

Z)\(RQ +T0(€))/ min{Rl,To(hg)}dhz
e (4.36)
=2X\(R2 + 10(€)) ; max{p”*(z) —¢,0} dz

>2\(Rs + ro(€))(/0Rl o () dw — Ry ).

Notice that ro(e) < 1/e since the total mass is 1. Then, by choosing

Cp

== (4.37)

we get

, AR o[
/)\(Rz + ro(h2)) min{R1,70(h2)} dho > %)\(Rz + C—l) if / p(z)dz > =
0

, 2
(4.38)
On the other hand, if fo (z)dz < £ then fo x)dx > 2. Using these in (4.35) gives
d
Z E ’tZOI[XIj,t ) XIk,t] dhs
k
[ 2}
|1 [ ; )\(max{ZRQ, Rt }) (4.39)
R3 0o
(W [ nta) o+ ARs — Bo) [ o) az)].
Ro R3
Summing over I; C C2(h1) and integrating in hi, we get the conclusion.
O
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Corollary 4.10. Under the same assumption as Lemma 4.9, for the solution to (2.1) we

have the energy decay estimate

%E[P(t’ IN<- %/2:2 p(z)da - [%’A(?Rz + Zlcﬂ)
1 3 ’ o ) (4.40)
— (Il /RR u(x) de + A(Rs — Ro) /R ) ar)]’,

provided the quantity in the last bracket is nonnegative.

Proof. 1t suffices to prove for ¢ = 0. We consider the CSS2 curve with po = pin. Lemma 4.6

shows that the cost
/v2pdx < 2/ > |1;| dh, (4.41)
>0, cj(h)E[R1,R2]

for CSS2. Also notice that

[ ey : ula) da, (4.42)

7>0,c;(h)€E[R1,R2]

since every interval I;(h), j > 0 with I; N [2R1, R2) # 0 necessarily have I; C [0, R2] (since
we cut at R for CSS2) and thus having ¢; € [Ri, Rz]. Therefore the conclusion follows
from Lemma 4.9 and Lemma 3.1, by noticing that the internal energy is decaying along this
CSS curve: & ) OS[pt] < 0 by Corollary 4.2. O

dt

4.5 Rescaled continuous Steiner symmetrization (RCSS)

In this subsection we introduce the rescaled continuous Steiner symmetrization (RCSS),
which will be used for the quantitative energy decay rate estimate.
For a given distribution p(z) with h-representation C(h), we define the RCSS curve p;
for small ¢ > 0 by
I =[cje " —rj,cie " + 1], (4.43)
for every j > 0, and Io,s = Io. This means that those I;, j > 0 is moving towards the center
at a faster speed if ¢; is further away from the center.

Now we estimate the energy decay from the RCSS curve.
Lemma 4.11. Assume that p is supported on [—R, R]. Then the RCSS curve p: satisfies

d
dt

A(2R)

tZOI[pt] < ——r /0Oo 2’ p(z) de. (4.44)

Proof. By the bi-linearity of the interaction energy, we first write

=] 2 3 g

1;CC(h1) Iy CC(ha)

d
:2// Z E‘tzoz[xlo(hl)’xfk,t]dhl dha

I, CC(h2), k>0

d
+// Z Z E’t:OI[XIj,tvxfk,t]dhl dh2

1;CC(h1),j<0 I, CC(h2), k>0

ff > v &

I;CC(h1),j>01,CC(h2), k>0

t*OI[XIj't ) XIk,t] dhi dhs

(4.45)

I[le,t’xlk,t] dh1 th,

t=0

where we used the fact that Io(h) is not moving and the symmetry of p;.
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By Lemma 4.4,

d "k d
q t:OI[XIo(hl)aXIk,t(h'z)] :[Tk T t:OI[X[—TO(hl)vTO(hl)V6Cke*t+z] dz
Tk
< —2A(2R)ck min{ro(h1),cr + z}dz
IR (4.46)
< —A2R)(ck + k) min{ro(h1),cr + z}dz
-
Clr+TE
< - /\(2R)/ min{ro(h1), z}x dz.
Ck—Tk
Integrating in hq gives
d wtTR L
/E tiQI[XIO(hl)’XIk,t(hZ)]dh’l < - )\(ZR)/ /mll’l{’r‘o(h1)7$€} dhizdz
= Ck—Tk
crp+7rK x
= - /\(ZR)/ / " (y) dyz dz
CL—Tk 0
e (4.47)
Sf)\(QR)/ z-cdx
Cp—Tk R
CrtrE
= - A\2R)™ 22 da,
R Cr—Tk

where m, := fOR p*(y) dy, and the second inequality uses the fact that = — foz p*(y)dy is a

concave function. Then summing in k£ and integrating in hs gives

/] > G

I,CC(ha), k>0

m

Z[X10(h1)s X1 o (hp)] dh1 dha < =A(2R) R*/ @’u(r)dzr. (448)
0

t=0
Next, since I; and I are disjoint in the terms below,

[/ > > &

1;CC(h1),5<0I};,CC(h2), k>0

gf/\(2R)// > S (e )] [k dhadhs

I;CC(h1), 5 <0 I CC(h2), k>0

— _9\2R) / / Z S° all] - [Tl dha dhe (4.49)

I[X[].,t , XIk,t] dh1 dh2

t=0

1;CC(h1),5>0 1 CC(h2), k>0

- 2,\(2R)/0 p(e)dz - /Ooo zp(z) dz

OA(2R) 1—m. /°° )
<- : : .
< R 5 ; z p(r) dz

Finally, we have

[/ > s &

1;CC(h1),5>0 I CC(h2), k>0

701[)(11.,,” XIk,t} dhy dhe <0, (4.50)

t

—t

by Lemma 4.5, since ¢;(t) — cx(t) = (¢;j — ck)e” * is contracting. Therefore we obtain the

conclusion. O

Corollary 4.12. For the solution to (2.1) we have the energy decay estimate

%E(t) < —)\(12_;2%) /xz,u(a:) dz. (4.51)
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Proof. 1t suffices to prove for t = 0. We consider the RCSS curve with pp = pin. Lemma
4.6 shows that the cost

ci+r;
/Udexg/Z\Iﬂc?dhg/Z/J JJ:dedh:/mgu(;r)da:. (4.52)
i G Jeimr

Therefore the conclusion follows from Lemma 4.11 and Lemma 3.1, by noticing that the

S[pt] <0 by Corollary 4.2. O
t=0

internal energy is decaying along this CSS curve:

d
dt

5 Uniform estimate of the first moment

In this section we prove Proposition 3.3 and Proposition 3.4 which lead to Theorem 3.2.

5.1 Controlling the non-radially-decreasing part

Proof of Proposition 3.3. For any c¢1 > 0 and Rz > Ra, Corollary 4.8 gives

E(0) — B
< —
= AX(2R3)2c!

‘{t:/[}z R]u(t,x)dx>01} (5.1)

Since R; is assumed to be large enough, we are able to apply Corollary 4.10. By the property
limy o0 A(z) = 0 in (A2), we can choose R3 large enough (depending on R1, R2) such that

4R
A(Rs — R») < C;A(QRQ + C—l) (5.2)
73
and then choose ) AR
Cp 1
=—— L)X 2R — ). 5.3
o= e s R ) 6.3)
By Corollary 4.10, these guarantee that, for all time except a time length of 583&773%2‘1“ we
have
d Rz c 4Ry
—Ep(t,)] < — t,x)dr - 2A(2Re + — ). 5.4
G <= [ e dn Sa(em 1 1) (54)
Therefore
o E(0) — Fuo E(0) — Ewo atel
/ / p(t, z)dedt < ©) © 1 < CR; e , (5.5)
0 J[2Ri,Ro] &J)\@RQ + &) 4X(2R3)3c]
8 cp
where we used R; < R and R3 ~ RS/B.
O

5.2 Controlling the radially-decreasing part

To prove Proposition 3.4 we first state the following lemma, which is the key to enforce

the formation of local clusters for radially-decreasing distributions:

Lemma 5.1 (Lemma of local clustering). Let R > 0, p(z) be a decreasing non-negative
function defined on [R,3R], and m > 1. Then there exists r € [R,2R)] such that

3R 3R
/ plz)™dz < a/ (z —7r)p(x)dz, a= % (R)™ 1. (5.6)
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Proof. We choose C,, by

Cyn = max{10000, 200 - 2%/ (™~ 1)}, (5.7)
The key property we will use is that, for all 0 < ¢ < (%2)1/2 < %,
— m” - 200 m—1)/2 k 1
S <Y (™) = e <2 (5.8)
k=0 k=0 m Cm

We may assume p(z) > 0 for € [R,1.5R] since otherwise p(x)|n1.5r,3r) = 0 by its
decreasing property, and the conclusion follows trivially by setting » = 1.5R. Then we

assume the contrary of the conclusion:

3R 3R
/ p(z)™ dz > a/ (z —r)p(x)dz, Vr e [R,2R]. (5.9)
For a fixed r € [R,1.5R], let s = s(r) > r € [R, 1.6R] be the unique number such that
br(s) :=2p(s)™ " —a(s —r) =0, (5.10)

whose existence and uniqueness follow from the decreasing property of ¢,, and ¢.(r) > 0,
¢r(1.6R) < 2p(R)™ ' — Sz p(R)™ " - 0.1R < 0 (by (5.7)). Furthermore,

s+0.1y/R(s —r) < 1.6R + 0.1V0.6 R? < 2R. (5.11)

Then
0< /TSR p(a)™ do — a/TSR(:v — r)p(x) dz
= [ —atz =@ as+ [ 0@ ate = ) d
< [(owrmar =4 [T oty ar

(5.12)
a 5+0.24/R(s—1)
<(s =" -5 [ i et de

<(s—=71)p(r)™ — %O.l\/R(s —1)-0.1y/R(s —7) - p(s + 0.2y/R(s — 1))
=(s —71)(p(r)™ — 0.005aR - p(s + 0.2/ R(s —1))),

where the first inequality uses the definition of s = s(r) to estimate the second integral, the
second inequality uses the decreasing property of p and the property (5.11), and the third
inequality uses the decreasing property of p.

Since s > r, this implies

200 m
p(s+02y/R(s—r)) < Ep(r) . (5.13)
Let {rx} be defined iteratively by
Tht1 = s(re) + 0.2/ R(s(rx) — ), 710 =R. (5.14)

We will show that 7, € [R,1.5R] which implies that every 7 is well-defined. To see this,
we first notice that (5.13), applied iteratively, implies

200 Tt
) e (5.15)

plri) < p(R)™ (T
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Therefore .
@) == ) m—1

2 k
< = m .
stre) < m+ < (0™ (S5 (5.16)
since ¢r, (s) (as defined in (5.10)), evaluated at the above RHS, is negative:
2 k(200 2ty m!
o (e 2™ (GE) "))
k
9 ok mFo1 N m—1 9 ok 7200 2ty m—1 (5.17)
=20t SR o)) e Do (TR) )
<2p(re)™ " = 2p(re)™ "t < 0.
Therefore
mk—1 (mk—1)
e = <2p(R) 0 ()™ 0[R2yt - (20
a aR a aR (5.18)
_£<200p(R)m—1)mk N 5(200,)(1%)’”—1)#/2
100 aR 50 aR '
By noticing that
200p(R)™* 200
=== 1
aR Cr’ (5.19)
we conclude by (5.8) that
K-1 R
re —R= kzzo(rk+1—rk) < VK=, (5.20)

which justifies that all ri are well-defined, and r, < 1.5R. This implies limg_ oo 7x < 1.5R.
(5.15) clearly implies limy oo p(1x) = 0, and thus p|izr,3r) = 0. This contradicts the
assumption (5.9) with r = 2R.

O

Remark 5.2. Lemma 5.1 is false for m = 1. In fact, fix any R > 0, and then the function

p(z) = e™4% gives

o 1 . ar  asr
p(z)dz = Z(e —e ), (5.21)
and
o 1 —asr | 1 o ar  asr 1 1 . ar  as3sr
/ (m—r)p(x)dx:—Z(SR—r)e +ﬁ(e - < Z-Z(e -, (5.22)

which clearly fail (5.6) with m =1 for any R <r <2R, if A > a.

The above failure for m = 1 can be understood as follows: equating the LHS and RHS of
(5.6) and taking second order derivative with respect to r gives the ODE p(r) = —%p(r)zfm.
For m > 1, the solutions to this ODE decay to zero within finite distance, while for m =1,
its solutions are p(x) = Ce™** which may be positive everywhere. The proof of this lemma

can be viewed as a discrete analog of this ODE.

Proof of Proposition 3.4. We take R; satisfying (3.18) and Rz > 7R1, being large and to
be chosen. Given a density distribution p = po, we define p;, t > 0 by the velocity field

Ope + 0z (pv) =0, wv(z) = —X[T,GRl]%, x>0, v(-z)=-v(z), (5.23)

where 7 is given by® Lemma 5.1 (with p*(z) and R = 2R;), satisfying 2R < r < 4R;.
Clearly [v?pdz < 1 since |v(z)| < 1, Vz € R. See Figure 4 as illustration.

5Notice here that the choice of r, and therefore v(z), may depend on R; and p.
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T+ 4+ <—6R1

v(x)

Figure 4: Tllustration of the local clustering curve: the shaded region is transported by v(x) and
becomes the region under the red dashed curve.

The interaction energy decay rate of this curve p; is given by

il = [ [ W =) antotere) az
/<\x\<6R1/W z —y)p(y) dyp(z)v(z) dz,

where the last equality uses the fact that v(z) is supported on [—6R1,7] U [r, 6R;]
For fixed = with »r <z < 6R;1,

(5.24)

[ W= owds= [ W= (o) + nxn®) do

[ W= puy)x 0 dy (5.25)
+/W'(w — Y)(Y) X r,00) (1) dy.

Similar to (4.36) and the argument below it, one can show the contribution from the first
term

/r<|a:\<6R /W/(aC —v) (p* () + “(y)xl—m](y)> dyp(z)v(z) dx

o, (5.26)
< - %/\(121%1 + 4—R1) / ! v(z)p(z) dz.

Cp

The second term of (5.25) is positive, which means it gives negative contribution to (5.24)
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The third term is possibly negative, and can be estimated by
< / W' = ()X ) 0) dy‘ W= v s G

Ra
<IW |1 / j(y) dy + A(Rs — 6Ry),
2R

using r > 2R;.

Therefore we conclude

Rl / 2
Ilp] < = 12Ry + — ) = [[W][L (y)d
i < [ A(12R; + ) /QRIH y) dy o

dt

t=0

GRlx—r

~ A(R: — 6R))] / L) da

r

By taking Ry = Ra(R1) ~ R3/? large such that A(Rs — 6Ry) < %,\(1231 + %)/2 (c.f.
assumption (A2)), we get

d 4R, , R2 /6R1 r—r
Tt o2t s = P MR = ) = > d da.
at oo TP S (4 ( Ry + ) Wil /2R1 () y) g @)

Next we estimate the increment of the internal energy:
d m—
Slsled == [mperosp(@)u(a) do
=m(m — 1) /p(m)m_laxp(a:) ~v(z) dz

—~(m 1) [ 0 (p(a)") - vla) do
=—(m-— 1)/p(w)m - Ogv(x) d.

Notice that 9,v(z) is an even function,

1 6R1 —T
69511(%) = _47R1X[T76R1} + TRl

(5.30)

d(x —6R1), x>0. (5.31)

Therefore (using m > 1)

d 2(m—1) [F
— <V 7
3t |, Sled <=7 7 /T p(z)™ dz

C 6R1 6R;
<& (/ u(x)mdx+/ p*(x)’”d:r)-

Combining with (5.28) we conclude

% Bl <= (CA(CRl) -C /2 : u(y) dy> / o “;’1 ;{1" p(z) da
+ </6R1 p(x)™ dal:—l—/m1 *(w)mdx>

<
R:

(CR) —C T )a 5.33
<~ (erem) / ay) [ ol da (5.33)
<
R:

L &
R

(e [
[

(5.32)

CR1 (z —7)p(z)dz — C /TGRl p ()" dm)
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Next we estimate the second term in the last expression of (5.33):

MCRy) / M e p () de - C / o . (5.34)

By the choice of r from Lemma 5.1,

6RL 1, LR 1 [OR:
/ P (z) deCR—lp (R1) / (x—mr)p ()dx<C—l/ (x —7)p"(z) d,

’ ’ ’ (5.35)
by noticing that p*(R1) < Ril. Recall that A(R1) = ca/RY by assumption (A2). Therefore,
using m > « (assumption (A4)), we can take R; large enough so that the second term in
(5.34) can be absorbed by the first term, and lead to

U ppg<—(eaxcry-c [ umay) [ 2 pwaat S [ payma
il <= (ery—c [ Cuway) [T IR @ dos £ [ e an

<o (1—cry [ auway) [ oo e+ S [ ) de,
2R R:
1 ' ' (5.36)

by using [|p]l < C.
By applying (5.36) to p(t,-) (the solution to (2.1)) for any ¢ > 0 and using Lemma 3.1,
we obtain, provided that the quantity inside the bracket below is negative, that
d
= Elp(t. -
< Blo(t, )
—a o 6Rl 1 (6R; 2
[—clRl (1 — C1R¢ f2R w(t,y) dy) f (—v(t,2))p(t,z)dz + C2RT f w(t, x) dx]
<_
- Jlu( t,x 2p(t, x) d ’
(5.37)

where r(t) and the velocity field v(¢, z) are determined by p(t, -), and ¢1, C1, Cs are constants.
Notice that —v(t,z) is always non-negative for € [r(t),6R1]. Then we define the sets
Ti,2,3 C [0,00) as follows:

e 71 contains those ¢ with f;;l w(t,y)dy > ﬁ. Proposition 3.3 shows that |77]| <
CR2 “TF 1t follows that
6R1 at+ 2
/ / Vo(t, z) dz dt < CR 5 RY. (5.38)
teTy Jr(t)

—1
e 75 contains those t ¢ 77 with fGRl o(t, z))p(t, ) de < 220 fs(lf)l u(t,z)dz. It

(i) Ry Jr
follows that

6R1 6R;
/ / )olt, x)dxdt<402]il / / u(t,z)dedt < CR, +’3R“ !
teTs Jr(t) ak, 0)
(5.39)

where the second inequality uses Proposition 3.3 and r(t) > 2R;.

e T3 =[0,00)\(71 UT2). It then follows that the quantity inside the bracket in (5.37) is
6Ry

less than —<- (t) (—v(t,z))p(t, z) dz, and then
d e
G Bl )] < = TGRl °‘/ (—v(t, z))p(t, z) dz, (5.40)

for t € T3, using since |v(t,z)| < 1 and —v(t, )|r(t),6r,) = 0. Therefore

6R1
/ / p(t,z)dzdt < CR2(E(0) — Ew) = CR2.  (5.41)
teTs Jr(t)
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Adding the three parts gives the final conclusion, by noticing that Ra ~ R?/B, and —v(z) >
1/4 for x € [5R1,6R,].
O

6 Quantitative energy dissipation rate estimate

In this section we prove Theorem 3.6. We first prove Proposition 3.7, and then introduce
the generalized h(s)-linear curve for possibly non-radially-decreasing distributions, which
leads to the proof of Theorem 3.6.

6.1 Energy dissipation from non-radially-decreasing parts

Proof of Proposition 3.7. In view of Corollary 4.12, it suffices to relate the RHS of (4.51)
with E(t)— E[p#(t,-)]. Tt is clear that S[p(t, )] = S[p™ (¢, -)], and we will analyze Z[p] —Z[p¥]
(where the dependence on t is omitted).

In correspondence to the decomposition (3.5), we write
o :p*—i-uf—i—/ff, (6.1)

where p? = (p* — P")X[0,00) are some horizontal translation on each layer of y, having the

same total mass, and similar for u#. Therefore

Zlp] — Z[p*] = (Zlp", u4] — Zlp", w)) + (Z{ps] — ZE)) + (Tlps, p-] — Z[p¥, p1#]). (6.2)

We estimate these terms when p— = [c— —r—,c— +r_], ut = [c4 — T4, c4 + r4], and

the general case follows by linear superposition. In this case ﬂf = [cﬁ — Ty, cf + r4] for

some 0 < cf < ct.

00", 1y — Tl ] // / (W(es +o—y) - W(ct +—y))dzdydh
ro(h),r0(h)] r4,ry]

c++z
// / / (z —y)dzdzdydh
ro(h),ro(R)] 4,74 #+z
c++z
// / / W'(z —y)dydzdzdh
oyl ro(h),ro(h)]
c++z
<||W||Loo// / min{ro(h), 2z} dzdzdh
[—ryril S ta
c++z
/ / /mm{rg h),z}dhdzdx
7+ 7+
cyta
:||W’||Loc/ / / y) dy dz dz
[=r4,ry] c#+m

c++1
<||W [P ||P||L<x>/ / zdzdx
7"+ T‘+

<IW |z - lplloery (e +74)°
<IW ool [ @21 @) da,
(6.3)

where the first inequality uses the symmetry of W, and the second inequality uses the

uniform L*° boundedness of p (and thus p*).
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The other two terms in (6.2) can be treated similarly, by replacing p* with an interval

in p4 or pu— and do proper translation. Therefore we conclude

1) - 7p# < € [ (o) de, (6.4)

and the proof is finished. O

6.2 h(s)-representation for general distributions

In this subsection we introduce h(s)-representation for density distributions which are
not necessarily radially-decreasing. We first introduce the h(s)-representation of p(x), which
can be viewed as a re-parametrization of the h-representation we introduced before. We
start by defining the h(s) function for p(x): h[p](s) is defined by

/min{p(a}), h(s)}de=s, 0<s<1, (6.5)

which coincide with the definition in [22] if p is radially decreasing. Then we define®

Clol(s) == {x : p(a) > h(s)}, (6.6)

and it is clear that C[p] satisfies the admissible relation:

. . 1
s1 < sp implies C(s2) C C(s1), |C(s)] = s (6.7)
Furthermore, p(z) can be recovered by
p(z) = hisup{s : = € C(5)}), (6.8)

as long as (6.7) holds. Notice that in the case of radially-decreasing distributions, since C(s)
is a symmetric interval, one has”

el = gy 30

(6.9)

The following lemma gives the expression of internal/interaction energy in terms of the

h(s)-representation.

Lemma 6.1. For p(x) with h(s)-representation h(s),

/@(p(at:))d:c=/<I>'(h(s))ds7 (6.10)

and
//W(x —y)p(z)p(y) dyde = // (/C(SI) o W(z —y)dy d:c> B'(s1)h'(s2) ds1 dsa.
(6.11)

The proof of this lemma is similar to that of Lemma 4.1 and is omitted here.

6Here we are abusing the notation C: it refers to the definition in section 4 when the argument is the letter h,

and the one here when the argument is the letter s.
"The ’ notation on an h(s)-representation always refers to the partial derivative with respect to s.
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6.3 h(s)-linear curve for radially-decreasing distributions

In this subsection we review the h(s)-linear curve defined in [22] for radially-decreasing
distributions and refine their energy dissipation rate estimate, which leads to the proof of
Proposition 3.8.

For radially-decreasing distributions po(z) and p1(z) (for which C[p](s) is determined by
hlp](s) via (6.9)), the h(s)-linear curve p; defined in [22] is given by its h(s)-representation

he(s) = (1 — O)ho(s) + thi(s), 0<t<1, (6.12)

where ho = h[po], h1 = h[p1]. It is shown in Theorem 2.6 of [22] that the map ¢t — E[p] is
strictly convex for m > 2, which is the key of proving the uniqueness of steady state. Now

we improve this result and give a quantitative version:

Lemma 6.2. Let po,p1 be radially-decreasing distributions supported on [—R, R]. Then
t = E[p:] satisfies the strict convexity®

d2
@E[Pt] >

1 A2R) /1 Ok (s))?
— ds. 6.13
2R o mer (619
Proof. The convexity ;—;S [pt] > 0 for m > 2 is proved in Proposition 2.3 of [22]. Therefore
we only need to deal with the convexity of the interaction energy.

Define
0, 0<|z|<a
Wa(z) = , (6.14)

1, |z|>a

for a > 0, and then one can write the interaction energy into a convex combination

_—_ 1 2R p1op1 . )
[pt] = 3 ; ) Zo(t; 51, 52) ds1 dsaW'(a) da, (6.15)

where
Za(t; 51, 82) = / Wa(x —y) dy dzhy (s1)hy(s2). (6.16)
C(s1) J/C(s2)

We will give a lower bound of 04+Z(t; s1, s2) for fixed a, s1, s2, t.
It is shown in the proof of Theorem 2.6 of [22] that

Orela(t; s1,82) >0, Va,si,s2,t, (6.17)

and furthermore, in the case
1 1 1 1 , .
— — —|<a, —+—>a, fi(t)=hi(s:),i=12, 6.18
| [ <a getgE e L0 =hs) (6.15)

one has

f2(0u f1 2 f1(Ocf2 2 2 1 1
Oula(t; 51, 82) = (fo ) + (2f§’ ) +(2a “37 3
It is clear that the condition (6.18) guarantees that the RHS of (6.19) is a positive-definite
quadratic form in 0 f1, O fa.

We estimate the lower bound of (6.19) by

)@f)@f). (6.29)

_ 2 2 2
Ouela(t; s1,52) :1 2|H‘ (fz(?:sfl) + fl(itj2) ) + f12f2 |fi|(a}£l + sgn(k) 8}?)
1 ) 2 ) 1 2 (620)
>1*|H\(f2(3tf1) n f1(9ef2) )
-2 I3 VA

8Since h}(s) is a linear function in ¢, 8;h}(s) = k) (s) — hj(s) is constant in ¢, and we omitted the subscript ¢
in (6.13) without ambiguity.
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where

K =ka= f1f (2@2 — # — #), (6.21)
and notice that (6.18) implies || < 1:
, 1 1
Ve =20(q7 7 ot - 3 )
1 1
_2f1f2(a+(ﬁ—2—f2)) (a (271—272)) >0, o
, 1 1 :
L= =20(q7 7 o+ 3 i)
1 1 1
:—2f1f2(a—|—( o 2f2))(a_(271+272)> >0,
Integrating (6.20) in s1, s2, a gives
2
<l

2
}/ / f2 8tf1 f1(8t3f2) )/ 1= [kal W'(a) dads; dss
2 f2 a satisfying (6.18) 2
2 —
NN M2R) / / f2 8tf1 fl(at?,’f2) )/ 1 |Ha‘dad81d82
2 f2 a satisfying (6.18) 2

2 —
=A(2R) fQ(a‘fl) 4 f1(0ef) L= 1Ral 44 45, dss.
I I iy 2
0<51<s2<1 1 2 a satisfying (6.18)

Now we estimate the last inner integral in a, for given s1,s2. In fact, the condition

(6.23)

s1 < s2 for the last out integral implies fi < f2 since hi(-) is non-decreasing. Therefore by

requiring |kq| < % we get

1 1 1 1 1

a<i+f+ >7+f7 (6.24)
4ff AfS 0 AR 4ff AfS Aff '
Notice that 4f1 + # - 4fif2 < #, and thus the range
2 1
1 1 1
— <a< 4 +—, 6.25
2f1 2f1  4f ( )
satisfies (6.24). Thus we get
1 1 1
(1—|ka)da > 5 — = —, (6.26)
/; satisfying (6.18) 2 4fy 8f2
and we conclude
d? 2R O f1)? O f2)*
jI[Pt] > ( )// (( t.él) + fl( t2f2) )d81d32
dt 16 0<s51<s2<1 fl f2 (6 27)
A2R) (! , (e’ (5))? '
=——" 1—3s)h h — 2 ds.
o [ (= smie) + o) G as
If for some s one has h(s) < 2R, then since by the assumption on the support, AC] (0) <R,

one has h;(0) > % which implies s < 1 3 by the increasing property of hi(-). Then it follows
that (1 — s)hi(s) > $hi(s) > 5%. Therefore we get the conclusion.
O

Next we estimate the cost of the h(s)-linear curve for radially-decreasing distributions,

which is a quantitative version of Proposition 2.2 of [22]:
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Lemma 6.3. Let po, p1 be radially-decreasing distributions supported on [—R, R]. Then the
h(s)-linear curve p; satisfies
Orpr + Oz (prvr) = 0, (6.28)
with
z(hi(ss,) — ho(ss,t))
pi(x)

%’7,) = x. It satisfies the estimate

ve(z) = , x>0, (6.29)

where sg,¢ 15 defined implicitly by

[ 1)o@ az < Rl 1o - / %d (6.30)

Proof. The first claim was proved in equation (4.8) of [22]. To prove the estimate (6.30),

[ @t / oty (o = b)) pu(e) d

/ ht ) /0 )ds)Qdm

:/0 xm(/j’(h\/%s \/rds) dz
S/ORSU2 ;t)(

/0S s)ds (/OS” ho_hl ) ds)dm
R
:/ .

o
1(8z,t) =t (ho
hi(sq
Szt h h/
<2R||p1||ze~ - / / Oh’ ()" dsdz

0 hi (s
— R 1/2h,()
:2R||p1||L°°'/ M/ 22 dxds
0 hi(s) 0

> >

))(5) dsdz

1 (ho — h1)(s)* |
Bl - [ G HEE
12 o hils ) '1(8)
1 ' ( h'(s))*
=—R oo - d
15 ftllenllz o Ri(s)h(s)
(6.31)
where we used Zig:; < 2R||p1||re<: to see this, first notice hi(s) > s/(2R) since p; is
supported on [—R, R]. Then notice that hi(s) is a convex function with h;(0) = 0 and

hi(1) = llpr ]l Thus hy(s) < sflpa|zo. O
We combine the above two lemmas and give the proof of Proposition 3.8:

Proof of Proposition 3.8. 1t suffices to prove the case to = 0. Take the h(s)-linear curve
with po = pin and p1 = peo. Lemma 6.2 gives

AR) [ (ho(s) = hi(s))? d?
> = —_—— . .
62 20 [T s )= gzl (6:32)
Since p1 is the unique energy minimizer, one has
Elpt] > E[p1] = Elp4], (6.33)
and therefore d
F(1) <0, F(t):=—E[p). (6.34)

dt
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Notice that F'(t) = f(t). Therefore

7/1 F() di. (6.35)
Therefore
Elpo] — / F(t)dt = (1)+/0 /t f(f)dEde
:—F(1)+/O tf(t)dt (6.36)
+ / f(t)dt

— — F(0).

The integral on RHS of (6.13), mtegrated in ¢, can be calculated as

/ / (GLAQ) Y
/ / +t8tf)/2( ) drds

/ (k' -7 (13)3>d5 (6.37)
2h0<s 2 4 Bl(s)4 (s) + b (5)
3/0 (Ou1(s)) i (53, (3)° as

Thus (6.35) gives

AR ey L g
F(0) < - /O(ath( D e & (6.33)
Therefore, applying Lemma 6.3 (with ¢t = 0) gives
d |F(0)*
2 B, )] < — . -
i |y o)) CR [ (O () ey s (6.3
<= X po)) < X i) — i)

6.4 Generalized h(s)-linear curve

In this subsection we generalize the h(s)-linear curve we discussed above to general
distributions.

We consider a density distribution po(x) which is not necessarily radially-decreasing.
Denote Clpo|(s) = U, I;, I = [¢j —rj,¢; + ;] as a disjoint union of intervals, which follows
the same symmetry notations as we did in section 4. We further assume the total number
of I; is finite, and ¢1 < c2 < --- (the general case can be treated via limit procedure which
we will omit). For its Steiner symmetrization p{f (x), it is clear that |C[p0}( )| = |C[p ]( )IB
which allows us to decompose C[p{](s) = U; IJ# with I]# =[] # ct # 1] and ¢ < cff <

With another density distribution pi(z) which is radially-decreasing, we first notice that
the h(s)-linear curve pf; from Po# to p1 defined in the previous subsection can be written as

Clot1(s) = = 5057 3y = U

he(s) = (1 — t)ho(s) + thi(s), (6.40)
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Figure 5: Tllustration of the generalized h(s)-linear curve: the shaded region is transported and
becomes the region bounded by the red dashed curve. Left: case 0:h'(s) < 0 (expansion); Right:

case O;h/(s) > 0 (compression).

where the union is disjoint with

Bo(s) e _ . Bo(s)
R(s)

=, = el 4], re=r;- j=0. (6.41)
In other words, we decompose C[p{](s) into small intervals and change each interval to keep
the size proportion between them.

Fix a large parameter M > 1. We define the generalized h(s)-linear curve p; for small

t > 0 by

he(s) = (1 —t)ho(s) + tha(s),

, oy hols)
W20 =T Gy (6.42)
cj — M(cfE — c;-%t) — (M = D) (rj —751), Oh'(s) >0

i+ (rj—rie), Oh'(s) <0

V_] >1, Cjt = { )
where we denote Clpi|(s) = U; L, Lt = [cie — Tje, ¢ + 75, and the cases j < 0 are
defined by symmetry. See Figure 5 as illustration.

We give some explanation about the definition of the generalized h(s)-linear curve.

1. This curve imitates the original h(s)-linear curve for radially-decreasing distributions,
in the sense that h¢(s) (for those t such that it is well-defined) coincides with the
h(s)-linear curve between p# and p; we defined previously. We make the size of every
interval I;(s) changing as proportion.

2. For those s with d;h'(s) > 0, the total size of C[p:](s) = 1/hi(s) is decreasing. In this
case the curve from p{ is moving towards the center. To imitate this, we define the
movement of I; so that the right endpoint ¢; ¢ 4+ 7;,; is moving towards the center at

a speed which is M times as fast as cft + Tft. This implies
Case 0:h'(s) > 0:  |O¢(cje +7rjex)| > M|8t(cft +rjx), V-1<z<1, (6.43)

where both quantities inside the absolute values are negative

3. For those s with 9;h'(s) < 0, the total size of C[p:](s) = 1/h;(s) is increasing. In this
case the curve from pgb is moving away from the center. In this case, we define the

movement of I; so that the right endpoint of I;; stays the same (at ¢; + r;).
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Now we analyze the energy change for the generalized h(s)-linear curve. For the purpose
of proving Theorem 3.6, here we should think of p(x) with [ 2 pu(z) do being small, since
we already have enough energy dissipation from Proposition 3.7 if this quantity is large.

Lemma 6.4. If p(z) is supported on [—R, R], R > 1 and has h(s)-linear curve pi(x) to

Poo () for 0 <t < ti, t1 >0, and one takes M = ”V;(g%)“’ , then
d d # 23 [ 2
—| E[p]<—| E[p]]+CMR " p(z) de, (6.44)
dt lt=0 dt lt=0 0

where pt# denotes the h(s)-linear curve from p* to poo.

Proof. Throughout this proof, the subscript 0 on A will be omitted.

We first notice that the internal energy parts S of p: and pf& are the same, by Lemma
6.1, because they share the same h:(s). So are their ¢ derivatives.

For the interaction energy part, we will use the representation formula (6.11). We
denote Ci(s) = Clp:](s) and C7 (s) = C[p{](s), and notice that C7(s) = [f%, m] is
the unique interval in centered at 0 with length equal to |C:(s)|. Also notice that both C¢(s)
and C7 (s) contain the middle interval Io ¢ (s).

Ziol = [ [ W= woa)o) dyds

:é//(/ / W(a:—y)dyda:) hy(s1)hi(s2) ds1 dsa
Ct(s1) JCt(s2)
:1// / / W (z —y)dydz | hi(s1)hi(s2) ds1 dsa
2 c# (s1) St (s2)
+// </(1Ct(sl)\10,t(s1)(m)_lcfﬂsl)\[mt(sl)(m)) /C#( )W(m—y)dydm)
t (52

. hé (81)}12 (82) dS1 dSQ

1
Ct(s1)\1o,t(s1) ¥ Ct(s2)\To,t(s2)
_ // </ / W(J) — y) dydl’) hi(sl)h;(SZ) ds; dsa
Ce(s1)\o,¢(s1) JCF (s2)\I0,¢ (s2)

1
+ 5// (/ / W(z —y) dydx) hy(s1)h;(s2) dsy dsz,
e (s1)\Io,¢(s1) J CF (s2)\Io,¢(s2)
(6.45)

where the first term on the RHS is Z[p}]. The second term is the change of interaction
energy against p? when one changes from C;(s1) to C7(s1), and can be viewed as linear in
wu(x). The other three terms can be viewed as quadratic terms in u(x).

STEP 1: Linear terms.

We first estimate the time derivative of the linear terms (the second term on the RHS
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of (6.45)).

d

dt

=0 </(1Ct(51)\10(s1)(x) - 1(32*(51)\[0(51)(1‘)) /c#<82) W(JJ - y) dy dxh;(Sl)h;(82)>
t

/Z(lzj (z) — 11? (z)) /c#( )W(ac — y) dy dzhi(s1)hi(s2)

:% t:o(/,l /71 JZZ:I [W((Cj,t +rjex) — 72}121(82)31)

dy dx) rih'(s1)

)~ e
/_1 /_1 ((ej +rjz) — %/;My)at|t:0(cj,t+rwx)

_ W’((Cj +rjz)— Zh’#(sz)y)atltzo(cﬁt + Tj,tw)} dydx - r;h'(s1)
/’/ (s +752) = gyt — W +159) = )]
Och’ Ok (s2)
2h’( 2)? ydydz - ;b (s1),

(6.46)

where in the first equality we use the symmetry between j > 0 and j < 0; in the second
equality we use change of variables and the fact hi(s1)r;: = r;h’(s1) (which means all
intervals I; change size in proportion).

STEP 1.1: We show that the first term (which comes from the movement of I; and IJ#)
of the RHS of (6.46) is negative. We separate into the cases of 9;h’(s1) > 0 and d;h’(s1) < 0:

e If 9;h'(s1) > 0 (contraction). In this case we know that |~ 0( , + rjx) and
Ot|t=0(cj,t + rj,+x) are negative and satisfy (6.43).
We take a fixed j > 1. We estimate the following positive quantity

1 /
W < 2min{e; + 152, ——} - |[W'||poe 4
/ CJ + iz ) Qh’( ) y)dy < ln{cj + iz, 2h’(82)} ” HL ) (6 7)

by using W’(—x) = —W'(z). Similarly

1 o # 1
/ w'( c +rjx) — W (s3) ) y)dy > 2min{c} +r;z, W} -A(2R). (6.48)
Therefore by taking M = % and using c;# < ¢;, we obtain

1
[ [ W+ ) = gt ptln(esa + 70
W ((ef i) -

1 (6.49)
my)@h:o(cﬁt + Tj,tm)} dydz - r;h'(s1) < 0.

o If &1/ (s1) < 0 (expansion). In this case we have O ¢= o( , Friex) >0, Oli=o(cie +

rjtx) < 0. Then we obtain

1
[4[1 (e +712) = sz oles + 73.00)
- W’((cfE +rjz) —

(6.50)

1
@y)aﬁt:o(cﬁt + ’I"j7t$)i| dydx <0.
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STEP 1.2: We estimate the second term (which comes from the movement C# (s2)) on
the RHS of (6.46).
For a fixed z, if ¢; + rjz < 2h’( , then we first symmetrize in y for the part with ¢;

and obtain

[ W+ rim) = g - W’(m%(sg)y) vy

= [ W i) = Gy = W+ 132) + ) =2V () ey
Y 1 ) 1 , 1

:/0 [W ((¢; +rjz) — 2}1,7(82)3/) +W'(—(cj +rjz) — %'7(82)21) —2W (*my)}ydy»

(6.51)

where we inserted a term W' (— 2h/(32)y) which does not depend on c¢;. Notice that the last
quantity in the bracket is a centered difference (with all arguments in W’ being negative):
it satisfies

1

y) + W (=(¢j +rjz) — (_my) (6.52)

W' ((¢j +rjz) — )y) -2

L L
21 (s2) 20/ (s2

<[[W"|| Lo (¢; + 752)?,

by using Taylor expansion of W’ at — 2h,(£ Y with the assumption (A3). By similar trick
for the term with cf, noticing that the inserted terms are cancelled and c;‘?E < ¢j, we obtain

1 log # 1 " 2
[ — 7 . - < o . . .
\/ (e +73) = 5py¥) — W +rsa) Qh,(sg)y»ydy\_uw e (e +rj)

(6.53)
If ¢ +rjz > m, then we estimate by
1 P 1 ’
_ ; ) — —— < . .54
[ Ve 150 = ) = WS 70 = ] < 2IW . (659
Combining the above two cases, we obtain
1 1ol 1 Ol (s2)
+ —y) — W ({(c] +rjx)— ydyd
[0 ) = gt = W i) - ) SOy o
1o}
<(IW ey s 4 2AW e [ ) O,
Cj+’l‘j92>m 2
(6.55)

STEP 1.3: Finalize the linear terms. Combining the result in STEP 1.1 and STEP 1.2,

summing over j and integrating in s1, s2, we obtain

d
dt t:O///(lct(S“““(s”(x) N 10?(sl>\10<51>($))/c#<52> W(z —y)dyde
t

dt

ht S1 ht 82)d81 dso

<C/// 22 dzh’ (s1) ds1 ds2 (6.56)
C(s1)\Io(s1)
+C/// da - at/h( )h(sl)dsldSQ.
z€C(s1)\Io(s1) I>2h/ h( )
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Now we estimate the above two terms separately. We first recognize that the first term is

exactly C [ z?p(x) dz. To estimate the second term,

/// dx - L,h (522) h'(sl) dsy dss
weC(s1)\Io(s1):a> R/ (s2)

Qh’(s )

6.57
oy (6.57)
; sodzh’ (s1)ds1.
z€C(s1)\Io(s1) J sg:z> 2h’ h ( )
To estimate the inner integral,
Oth/
/ . ht/(s(s)z) dez < / . (' (s2) +hi(s2)) dsz2- 2% < ([lpollLoe + || oo || oo )?,
S2:x> Th7(s5) 2 S2 z>m

(6.58)

and it follows that

/
/// dx - at,hi(sé)h'(sl)dm dsz < C/x2u(x) dz. (6.59)
z€C(s1)\Io(s1):z> Qh/ W (s2)

STEP 2: Quadratic terms.

Finally we estimate the quadratic terms (the last three terms of the RHS of (6.45)). We
will estimate the first of them (with C interaction with C) and the other two terms with C#
can be estimated similarly.

For fixed s1, s2 and intervals I; = [¢; —7j,¢; +7;] C C(s1)\lo(s1) and I = [ck — r&, ¢k +
ri] C C(s2)\1o(s2).

-0 (/, s W(my)dydxh;(sl)h;(SQ))

:% —o (/_11 _11 W((¢; +rjz) — (e +rxy)) dydm) iR (s1)rh (s2)

d

= /_1 B W ((¢; 4 rjz) — (e + 75Y)) Ot le=0((c; + 7jx) — (ck + r1y)) dy dwr;h/ (s1)rh (s2).

(6.60)
By construction of p;, we have
|0ch (51)] |0ch (52)]
0¢[t=0((cj +rjz)| < va [0¢|t=0((ck + rey)| < Mw~ (6.61)
In fact, for 9;h'(s) > 0, this follows from (6.43). For 9:h'(s) < 0, this follows from

|0t |t=0(cjt + 754 T)| < 2|0¢]e=0rj| < ‘3;7(/5)52)‘ since ¢ ¢ + 7j,+ does not move. Therefore

‘ d

G ([ ] W= paydanienics)),

(6.62)

I (B B

The two summand above are symmetric with respect to s; and sz, and thus we only

need to estimate one of them.

0,
//E lf:’s B (s1)rEh/(s2) ds1 dsa
1)
S W [ 32
rj h/ S1 Tkh 52 dS2

= S S M ! S 81 S S ! S S
_/|C( Do) S5 1) s - [ 10\ o)l (52) dso

= S S M /8 S1 xTr)axr
= [t S ) s - [ @)

(6.63)
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To estimate the first integral in the last term, we use |8:h'(s)] = |h'(s) — hi(s)] <

R'(s) + hi(s) to decompose it into two parts. The first part is

/|C(s)\[0(s)\ ;'(((93))2 R'(s)ds < 2/xu(m) dez. (6.64)

To estimate the term with hj, we use the fact that 0zpe0(0) = 0, |0z2ps0(0)] < 0o from
Lemma 3.10. This implies

Ri(s) <C(1—s)"'3, Vo<s<1, (6.65)

by using a Taylor expansion of ps at 0 to handle small s, and enlarging C' to handle large
s if necessary (see Figure 6). Fix 6 > 0 to be chosen, and e = 0.01.

[ teennl S e as

1—6
=¢ /1_5 IC(5)\To(8)| (1 — 5)"/* ds

R (s)
<o ([ 1Nl ) as) - ([ om0 -9770 as)

2—¢

<CRX1H+9/3 </:C2M(x)dx> e

(6.66)
using |C(s)\Io(s)| < R, h,l(s) <R.
1-6 1 s
| e @) (= 97 s
1-5 2de 1-6 Loe
<o ([ el ea) ([ el o -0 as)
2+e
<CR1-9/3 (/JEQ,u(m) dm) 3 5/,
(6.67)
Choosing § = R™? [ 2°u(z) dz gives
[ 1etN Tl Ehn () s < R (/ () d )2/3 (6.68)
S ols h/(5)2 S S S X /,L o X . .

Using (6.64) and (6.68) in (6.63), combined with Lemma 6.5 stated below, we obtain

d

dt

. </I i W(z —y) dydxh;(sl)h;(SQ)) < CM(1+ R*?). /xQ,u(x) dz,  (6.69)

and the proof is finished.

O
Lemma 6.5. Let pu(z) € L°(0,00) be non-negative. Then
/oo @2u(z) dz > %(/w u(z) dx>3, (6.70)
0 Bllpllzoe N o
and 52
[eS) 9 2 [eS) 3/2
2 p(zr)de > ——— / zp(z) dz . (6.71)
/o 3|l all 2 ( 0 )
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Poo ()

Figure 6: Explanation of (6.65): the shaded area is 1 — s, which is of the same size as a rectangle

with side lengths 2z and Cz?, with x = ﬁ
e

Proof. We first prove (6.70). We write
[ @ [[ Fard, A={@yice 000y <p@) 072
0 A

We view |A| = [° p(z) dz as a constraint, and minimize [[, z?dz dy. By the L* bound
on u, we have
A C(0,00) x [0, [|ullze<], (6.73)

and [[ P 2% dz dy is clearly minimized when A contains those points with the weight 22 as

small as possible, i.e.,

S ) de
A= (o, W) % [0, ||l zoe]- (6.74)

In this case one can verify that (6.70) achieves the equality.
We then prove (6.71). We write

/000 2 p(z)dz = //B zdxdy, B={(z,y):z€(0,00),0 <y <zu(z)}. (6.75)

We view |B| = [;* zu(z) dz as a constraint, and minimize [, zdzdy. By the L> bound
on u, we have
Bc{(z,y):z€(0,00),0 <y <fpullr<}, (6.76)

and [f B z? dz dy is clearly minimized when B contains those points with the weight z as

small as possible, i.e.,
B={(z,y):2€(0,0),0 <y <zfp|r=}, (6.77)
where b is determined by the constraint |B| = [° zu(z) da:

- (2f0°° zu(z) dx)1/2

6.78
Tl (6.78)
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In this case one can verify that (6.71) achieves the equality.

O
The following lemma gives the cost of the generalized h(s)-linear curve (for simplicity,
we only treat the case t = 0, and the subscript 0 on h is omitted):
Lemma 6.6. The generalized h(s)-linear curve ps from po to pso satisfies (att=0)
1

@) /Osm w(z, s)h'(s)ds, z >0, v(—z)=—v(z), (6.79)

Opt + Oz (prv) =0, wv(z) =
Pt (ptv) (z) o

where w(x, s) is given by

—8th/(s)~x- '(s s *(z
N B R IR o)

Otle=o(cjt +154Z), h(s) > p*(z)

where [c; —Tj,¢; +1;5] is the interval in C(s) containing x = cj +1;%, —1 < T < 1. We have

the estimate
/\v(m)|2po(m) dz < CRMQ/ %ds. (6.81)

0

Proof. The velocity field w(z, s) describes the curve p; at level s with location s, and we
omit the proof of (6.79) which is similar to Lemma 4.6.

Now we prove (6.81). Let s, be defined by h[p](sz) = p(z), and similarly define s} and
s#. For the contribution from the radially-decreasing part,

(/0 wia, s (9)ds) =22 /0 oul(s)ds)” < wQ(/:; O ) (/0 ()4

(] e
(6.82)

For the contribution from the non-radially-decreasing part, we first notice from (6.61)

that Buh'(s)
lw(z, s)| < Mﬁ. (6.83)

Therefore

(/ w(z, s)h'(s)ds)” gMQ(/ %@)2
<n?( / % as) ( / i (s) ds ) (6.84)
:MQ(/ % ds) (ka1 (s2) = P (s3).
Combining the above two parts,

: / o, ) 2pe(x) dz < / . ﬁaﬂ( / %ds)m(sz)dx

R Sa "(5))? .

(6.85)

To estimate the first term in (6.85), we first notice that s3 < s¥ and s} < s,. Therefore

hi(sz) < hi(se) < llpoollres - sz < llpoollioe - 2RA(s2) = ||poc |l - 2Rp(z). (6.86)
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Then
R S5 (9,1 (5))? )
/0 %xQ(/O %ds)hl(sx)dx
<CR / /0 h’f ((;))) ds) da (6.87)

(Och (s
_CR/ 3h’ ds,

where the last equality follows as the radially-decreasing case.

To estimate the second term in (6.85),

5)

R Sz 2
SCRM2/0 (/S; (( )Q(h/ ()s) ds) dx
—om? [ RS (h)<)>/ dads (659
—CRM? / (hs)g: IC(s)\To(s)]| ds
<or® | (< g (;ff()s) as-
O

Now we prove Theorem 3.6:

Proof of Theorem 3.6. 1t suffices to prove for ¢ = 0. We consider the generalized h(s)-linear

W .
I HL°° chosen as in Lemma 6.4.

curve with po = pin and p1 = peo, with M =
Recall the proof of Proposition 3.8 (c.f. (6.38)) that the h(s)-linear curve p¥ from p#

to poo satisfies

4 tZOE[pf] < —CA(ZR) i h(’(?;})l;(h?()s) ds, (6.89)

and there holds the estimate

SI Bl < —(Elp}] - Ex). (6.90)

Then Lemma 6.4, Lemma 6.6 with Lemma 3.1 gives

2
:OE[pr] — CMR?*3 I3 @ () dx}

2 1 _(Och!(s))?
CRM? [} 35005 ds

(6.91)

)

as long as the quantity in the bracket is positive.

o If 5(12%15%/)2 fooo 552#(55) dr < —%% :OE[pr], then the bracket is bounded below by
%% tZOE[p?]. Then we get
d #1\2
d (- dt E[Pt ) A(2R)* d
dt z:oE(t) S-e CRM? 1 (8th’($>>2 d < —c (RS) (7 ar t:OE[Pf&D
0 W(s)Phi() ¢ (6.92)
A(2R)*
< — =g (Blpf] - Exs).
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e Otherwise we have

* A(2R)? d %
— | - = E . .
| atuteyan > SER (= G| Eet) (6.93)
Then Corollary 4.12 gives
d M2R)? [ A(2R)* d #
= <_ < _ - =
dt t:OE(t) =TT Re /0 zuz)de < —c R1/3 ( dit t:OE[pt ]) (6.94)
A2R)* '
<= A0 (Blp) - Buo)
Combining the two cases, we obtain
d A(2R)* “
S| _ B < 22 (Bl - Ba). (6.95)
Adding this with (3.25) gives the conclusion.
O

7 Proof of Theorem 2.1

Finally we give the proof of Theorem 2.1.

Proof. STEP 1: reformulate the tightness.
Fix R > 0 large enough, and then take R2 > R large, to be chosen. Then Propositions
3.3 and 3.4 give

2 O[3

o Ro
/ / p(t,z)dedt < CR] ™", 7::2—1—04—}—4%—}—?7 (7.1)
o Jr

(where we need to apply Proposition 3.4 on many subintervals of [R, Rz], at most Rz/R of
them). Fix ¢ > 0 small enough, then

y—1

Ry R,
’{t : / plt,2)da > ¢} < C=2—, (7.2)
R
which implies
’{t : / p(t,z)dz > e}) < g, (7.3)
R €

by Theorem 3.2 with Ry = C/e (to control the integral on [Rz,o0)). In the rest of this
proof, we will fix the choice of R and R and ignore the dependence of constants on them,
but keep track of the dependence on e.

STEP 2: energy decay estimate by curves from perturbed piy.

Fix to > 0 with f;o p(to, ) dz < /2. We will analyze the energy dissipation rate at to.
To do this we may assume to = 0 without loss of generality, and then p(to, z) = pin.

Consider the following density distribution supported on [—R, R] with total mass 1:

N 1 et
pin = ——=pPinX|-R,R], O0:= 2/ pin(z)dz <e. (7.4)
1-46 R

Let p: be the generalized h(s)-linear curve defined in section 6.4, from fin t0 poo. It is clear
from its definition that p; is also supported on [—R, R], since R is large enough (so that

SUpppeo C [—R, R]). Define the curve p; by

pr = (1 = 8)pt + PinX(=o0,~ RIU[R,00) (7.5)
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Lemma 6.4 gives
SloEe <G| Betive [ et . (7.6)
= tlt=0 0

where §# denotes the h(s)-linear curve from the Steiner symmetrization 5% of § to peo, and
P Y p™ of ptop

the R dependence is ignored as announced before. Then we compare E[j;] and E[p;]:
E[pi] = S[pd] + Zpel, (7.7)

and

Elpi] =(1 — 8)"S[p] + (1 = 6)*Z[pe] + ElpinX(~oo,~ RIU[R,c0)]

_ (7.8)
+ Z[pin X (o0, ~ RIU[R,00)s (1 — &) pt].
Taking t-derivatives gives

d 5 d _ N

—|  Elp] =(1-08)°—| E[p]+(1-8)" - (1-0) ) _Sle]

dt t=0 dt t=0 dt (7 9)

q ) .
+ E‘tzoz[pinx(foo,fR]u[R,oo)a (1—=6)p].

We estimate the above RHS term by term. First,

d ~ m d m 1 m 2
i = = <
T t:OS[pt] T t:O/ he(s) ds = m/ (h1(s) — ho(s))ds < C,
(7.10)
by using the h(s)-linearity of the curve p;. Next,
I[PmX( oco,—RJU[R,00) 5 (1 - §)ﬁt]
/ W (@ = 1)0:((1 = 8)fun (@)(2))pin(y) dy da (7.11)
ly|I=R
~1-0) [ [ W@ y)pula)o@pn() dyds,
ly|=R
where v(x) is the velocity field of p; at ¢t = 0, given by Lemma 6.6. Therefore
d -
‘* t:OI[pinX(foo,fR]u[R,oo)a (1—0)p]
<C5 [ (@)oo do
1/2
SCé(/ﬁin(x)|v(x)|2dm) (7.12)
1 12
@k ()2 V2
< —_ N7/
<cs( [ ) *)
1/2
< ~4
<cs( - dt ER)

by Lemma 6.6, the choice of M as in Lemma 6.4 (where the R dependence is ignored), and
(6.89). Therefore we conclude

d 1d d 1/2
= <= 5 - = 5
dt t=0E[pt} —2dt t=0E[pt} + C’é( dt t=0E[pt ])
0o 1 (7.13)
<Ld E[~#}+C/ xzﬁ(x)dm+06(—£ 17 ]) /
=2 dtleo Pt 0 dt le=
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for small § > 0. This implies

d
| Blott, )
~ oo ~ - 1/272
[ | Bt - C [ a*at)da - c5(— &| _ EI5#) ] (7.14)
=c IETIGIER :
W)

by Lemma 3.1, as long as the quantity in the bracket is positive.
A similar procedure applied to the RCSS curve from pin gives

d
at

Elo(t. )] < [_ 0°° z?fi(z) dz — C§( Ooo i) dﬂ,’)l/Q] 2
- s fooo x?fi(x) dz )

as long as the quantity in the bracket is positive.

(7.15)

STEP 3: make the energy decay estimate effective.
Using (7.14) and (7.15), we separate into several cases according to the sizes of [° z*fi(z) dz

and —L|  E[p7:

at|,_q
o If [¥x*fi(z)dz > C&?, then the first term in the bracket in (7.15) can absorb the

second term, and gives

dt

t:oE(t) < —c/ooo 2z da. (7.16)

- If -4 B E[p¥] > max{C 15 22 fi(x) dz, C6%}, then the first term in the bracket

=0
in (7.143 can absorb the other two terms, and we get

Case 1: 1| B(t) < —c(E[p¥] - Fu), (7.17)
dt lt=o0

as in the proof of Theorem 3.6.

- If-4 t:OE[ﬁfﬁ] < C [ 2*ji(x) dz, then (7.16) gives
d o 2~ d ~H
Case 2: —| E@{)<-—c 2 p(z)de —c(——=| E[p7])- (7.18)
dt lt=o0 0 dt lt=o0

— If _% t:OE[/ﬁ#] < C6&?, then (7.16) gives

d
C 3: —
ase T

E(t) < —c (/w 22 fi(z) dx + (,i E[,s?])) +C6°. (7.19)

t=0 0 dt li=o

o If otherwise:

/ 2 fi(z) dz < C6°. (7.20)
0

- If - B E[p¥] > max{C [;° 2°fi(z) dz,C6°} = C6°, then from (7.14) and

(7.20) we get

d d i
T < —c(———
Case 4 T t:OE(t) <— g” t:OE[pt D
d - -
<ol B0rD - [ it an) 0o
(7.21)
as in the proof of Theorem 3.6.
— If -3 E[pf] < €6 then adding with (7.20) gives
t=0

Case 5: — —| E[pf] +/ 22 fi(z) daz < €8> (7.22)

dt l+=o0 0
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Combining with the facts

_% o ) 2 e(BlpL] = Bwo), (7.23)
from (6.90), and
/O i) dz > c(Blpn] — B[L)), (7.24)

from (6.4), we see that the cases above reduce to
L B) < —e(Blp] - Ex) + C6°. (7.25)
dt li=o

Recall that 6 < e. Let T be the first time such that E[j(t, )] — Fw < Ce. Then for
every time spot ¢t with f;o pt,z)dz <eand 0 <t < T,

%E(t) < —ce+CE < —ce(1 — Ce) < —ce, (7.26)

for € small enough. This gives an upper bound of the amount of such time spots:

c C _C
T<Z+- <, (7.27)
where we also used (7.3).
Therefore there exists t € [0, <] such that [° p(t,z) dz < e and E[p(t,-)] — Eso < Ce.
STEP 4: connect with E(t) — Foo.
Finally we estimate the difference between E[4(t, )] and E[p(t, )] (for t with [2° p(t, z) dz <

€) by using (7.7) and (7.8):

E[p(t7 )] - E[ﬁ(ta )] SE[p(t7 ')X(—oo,—R]U[R,oo)] + I[P(t7 ')X(—oo,—R]u[R,oo)7 (1 - 6)ﬁ(t7 )] < 067
(7.28)

by using W (z) < C|z| (from the L* bound of W’) and the L*> bound of p.
Therefore, combined with STEP 3, we get the following conclusion: there exists t €
[0, £] such that

b e’Y
E(t) — Es < Ce. (7.29)

This finishes the proof since € > 0 is arbitrary and E(t) is non-increasing.

8 Conclusion

In this paper we proved the equilibration of the 1D aggregation-diffusion equation (2.1)
under certain assumptions. The first part of the proof gives a uniform bound on the first
moment of the solution p(t,-), using various curves p; of density distributions and their
energy decay rate estimates. The second part gives a quantitative energy dissipation rate
estimate, using a combination of the methods in [15] and [22], with certain improvement,
together with a perturbative argument as connection. This is the first time one could handle
a a general class of weakly confining potentials W (r), for which the tightness does not follow
from E(t) < E(0) directly.

There are several related directions one could try in the future:
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e Prove the equilibration for multi-dimensional aggregation diffusion equations for radially-
symmetric solutions, with general weakly confining potentials. This might be accessible
for d = 2, where one could use an analog to (3.14) with A¢ = x5r, <|x|<6r, and try
to prove that the time integral of p in {SR; < |x| < 6R1} is finite. Such ¢ grows like
Inr as r — oo, providing tightness (although weaker than the 1D case).

e In the 1D case, remove the assumptions which lead to Lemma 3.5, i.e., symmetry and
the critical threshold (A6). In this case one has to find new mechanism to rule out

the situation where all mass are escaping to either oo or —oo.

e Use the energy dissipation rate estimate to prove the equilibration for the second-
order counterpart of (2.1), i.e., isentropic Euler equations with pressure p(p) = p™,
with certain velocity damping mechanism. One might need to combined the current

methods with hypocoercivity arguments, as was done in [37, 36].
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