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On the trend to global equilibrium for
Kuramoto oscillators

Javier Morales and David Poyato

Abstract. In this paper we study convergence to the stable equilibrium for Kuramoto oscillators.
Specifically, we derive estimates on the rate of convergence to the global equilibrium for solutions
of the Kuramoto—Sakaguchi equation departing from generic initial data in a large coupling strength
regime. As a by-product, using the stability of the equation in the Wasserstein distance, we quan-
tify the rate at which discrete Kuramoto oscillators concentrate around the global equilibrium. In
doing this, we achieve a quantitative estimate in which the probability that oscillators concentrate
at the given rate tends to 1 as the number of oscillators increases. Among the essential steps in
our proof are (1) an entropy production estimate inspired by the formal Riemannian structure of
the space of probability measures, first introduced by Otto (2001); (2) a new quantitative estimate
on the instability of equilibria with antipodal oscillators based on the dynamics of norms of the
solution in sets evolving by the continuity equation; (3) the use of generalized local logarithmic
Sobolev- and Talagrand-type inequalities, similar to those derived by Otto and Villani (2000); (4)
the study of a system of coupled differential inequalities by a treatment inspired by Desvillettes and
Villani (2005). Since the Kuramoto—Sakaguchi equation is not a gradient flow with respect to the
Wasserstein distance, we derive such inequalities under a suitable fibered transportation distance.
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1. Introduction

In this paper, we quantify the rate of convergence to the global equilibrium for C! solu-
tions to the Kuramoto—Sakaguchi equation departing from generic initial data in the large
coupling strength regime, providing a first quantitative result in this context. As a by-
product, we derive a quantitative statistical estimate, on the rate of concentration for the
original agent-based Kuramoto model. Such a model was introduced by Kuramoto several
decades ago [36,37] and is one of the paradigms to study collective synchronization phe-
nomena in biological and mechanical systems in nature. It has gained extensive attention
from the physics and mathematics communities; see [1,3,5,9,13,16,23,27,32,33,41,48,
50,58].

The main motivation to perform our study on the Kuramoto—Sakaguchi equation is
threefold. First, this model has become a starting point for a broad family of models in
collective dynamics. Historically, many of the central analytical techniques developed to
study such models were first applied to the Kuramoto model and later generalized to the
rest of the field. Second, the Kuramoto model provides a concrete example of a gradi-
ent flow structure in which the energy functional is not convex. This lack of convexity
generates challenges to use the theory of gradient flows to derive rates of convergence.
Third, we are interested in quantifying the relaxation time of a non-deterministic event.
Specifically, in a large coupling strength regime, one expects relaxation of the particle
system to the global equilibrium with almost sure probability. However, examples can be
constructed such that relaxation fails for some well-prepared initial data.

As anticipated, in the case of identical oscillators, the Kuramoto—Sakaguchi equation
exhibits a gradient flow structure in the space of probability measures under the Wasser-
stein distance. Nowadays, it is well known that transportation distances between measures
can be successfully used to study evolutionary equations. More precisely, one of the most
surprising achievements of [35,45,46] has been that many evolutionary equations of the
form

p
Pl div(Vp + pVV + p(VW % p))
can be seen as gradient flows of some entropy functional in the spaces of probability
measures with respect to the Wasserstein distance

2
Wa(u,v) 1= ( inf / lx — y|? d)/) ,
y€ell(u,v) JRA xR

where the infimum ranges over all the possible transference plans, i.e.,
O(u,v):={y € P(RY x RY) : w14y = p and moyy = v}

When such entropy functionals are convex with respect to the Wasserstein distance, this
interpretation allows entropy estimates and functional inequalities to be proved (see [57]
for more details on this area). Such tools, in turn, can be used to obtain convergence rates
and stability estimates of the corresponding equations.
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There are two main difficulties when one tries to use such a theory in the Kuramoto—
Sakaguchi equation. First, even in the identical case, as for the Kuramoto model, the
entropy functional associated with the equation does not satisfy the necessary convex-
ity hypothesis. Second, in the non-identical case, the Wasserstein gradient flow structure
of the equation is not available. On the other hand, the Kuramoto—Sakaguchi equation
has the virtue that the broad family of unstable equilibria is characterized easily. Thus, it
provides an ideal setting in which to develop techniques to attack the lack of convexity.

In this article, we show how we can circumvent the aforementioned two difficulties. On
the other hand, we adapt the entropy method developed by Desvillettes and Villani [19]
and we derive quantitative convergence rates for the particular non-convex case of the
Kuramoto—Sakaguchi equation (see [10-12, 17, 18,25, 53] for further applications to the
Boltzmann equation and other related models). On the other hand, for such an equation,
we find appropriate local logarithmic Sobolev- and Talagrand-type inequalities that are
reminiscent of those obtained by Otto and Villani [47]. We hope that this provides insight
into how to attack those difficulties in more general situations.

In this section we will first introduce the model. Then we will recall the current state
of the art regarding the asymptotics of the model in a strong coupling strength regime.
Finally, we will state our main result, the proof of which will be the object of the rest of
the paper.

1.1. The Kuramoto model

The Kuramoto model governs the synchronization dynamics of N oscillators — each iden-
tified by its phase and natural frequency pair (6;(¢),w;) in T x R. Such dynamics is given
by the system

KX
0; = w; + — Sin(ej —6;),
N ; (1.1
0;(0) = 0;0,
fori =1,..., N. The large crowd dynamics, N — oo, is captured by the kinetic descrip-
tion, given by the Kuramoto—Sakaguchi equation, which governs the probability distribu-
tion of oscillators f(z,0,w) at (t,0,w) € Rt x T x R:

af o B
§+@(v[f]f)_0, (B,w)eT xR, t >0, 12
£(0,0,0) = fo(6,w), (0,0)eT xR.

We denote the velocity field by v[ f], that is,
v[f](t, 0, w) :=a)+K/ sin(0’ — 0)p(z,0") do’, (1.3)
T

and we define

p(t,0) ::/Rf(t,O,a))dw, g(w) :=/;rf(t,0,a))d0=/Tf0(0,a))d9.
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Here, K is the positive coupling strength and measures the degree of the interaction
between oscillators, and p and g respectively describe the macroscopic phase density and
natural frequency distribution. The rigorous derivation from (1.1) to (1.2) was done by
Lancellotti [38] using Neunzert’s method [44].

1.2. The gradient flow structure and stationary solutions

The Kuramoto model in T can be lifted to a dynamical system in RY. Van Hemmen
and Wreszinki [54] observed that by doing this the Kuramoto model can be formulated as
a gradient flow of the energy

1 & K &
V(O) === D it + 535 Y (1—cos(®; — 6h)). (14)
N “ 2N? -
Jj=1 k,j=1
under the metric of R¥ induced by the scaled inner product
v-w

N

(v.w)y = 1.5

Here, ® = (61, ...,6n), v, and w belong to RY. Specifically, (1.1) solves the gradient
flow problem

{@(:) = -VNV(O()), (1.6)

0(0) = By,

where V denotes the gradient with respect to the scaled inner product. Let us also recall
that if we define the order parameters ® > r(0®), ¢(®) by the relation

r i¢(0) . i 3 0k 1.
(©)e ¥ ];e (1.7)
then we have that the potential reads
1 K
V(©) = —Nijej +50 —r2(0)), (1.8)
j=1

and the gradient slope takes the form

N

VAVOR = 1 3 loy — Kr(®)sin(é; — 4(©) (19)
j=1

The main interest of the order parameter is that r (®) represents a measure of coherence
for the ensemble of oscillators. Specifically, when r(®) is close to 1, then all the phases
6; within ® tend to be synchronized around the same phase value. Moreover, using them
we can rewrite system (1.1) as

0; = w; — Kr(®)sin(6; — $(0)),



On the trend to global equilibrium for Kuramoto oscillators 635

foreveryi = 1,..., N. Without loss of generality we may assume that the natural fre-
quencies are centered, i.e.,

| N
NZ”" =0. (1.10)

i=1
We observe that such a condition is not restrictive because we can always perform a linear
change of the reference frame to guarantee it. However, this condition is necessary to show
the existence of stationary states and we will assume it throughout the paper. In the sequel
we recall the conditions for a stationary state ®sc = (01,00, - - - » IN,00) With given order
parameters 7o = r(Q) > 0 and ¢ := P () to exist. Specifically, for such a O

we must have VV(B) = 0. Using (1.9), we readily obtain the necessary condition

| <
max, loj| < Kreo. (1.11)

By solving the algebraic equation on 8; , according to the two branches of the sine func-

tion, we find that there must exist a partition {1,..., N} = I" U I~ into two disjoint sets
of indices I and I~ such that
Poo + arcsin(Ka;j ) if jel™,
Ojoo = o i (1.12)
¢oo+71—arcsin< / ) ifjel.
Kreo

Note that I T describes phases around the order parameter ¢, while I~ stands for phases
near the antipode. Finally, in agreement with (1.7), r and ¢, cannot be arbitrary. Indeed,
since we assume the centering condition (1.10) then by direct computation we find the
compatibility condition

EPIRR

JEeIt

wj 2 1 Wi 2
Kr]oo) _N,;_ 1—(Kr’oo) E— (1.13)

Altogether, (1.11) and (1.13) provide the necessary and sufficient conditions for ro, and
Poo to admit an equilibrium, whose explicit form is given by (1.12). Note that the implicit
equation (1.13) does not always need to admit a solution and special configurations of
parameters are needed (e.g., I~ = @ and large enough K; see [1, 16,27]).

In the same spirit, the Hessian operator of the potential V' is given by

2

N N
K 1 6.
(D% V(O)v, v)y = 5 > " rcos(t; — ¢)|v;]* - K'N > vt (1.14)
j=1 j=1

where D 12v V' denotes the Hessian operator with respect to the scaled inner product (1.5)

and v = (vy,...,vy) is contained in R¥. From this, after accounting for the rotational
invariance of the model, we deduce that the stable equilibrium corresponds to I~ = @
where there is no antipodal mass, so that, forevery j = 1,..., N,

. wj
Ojo = ¢ + arcsm(K] )

T'oo
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Remark 1.1. When r = 0 there are plenty more equilibria. In the identical case it can be
shown that they are non-isolated even after accounting for rotational invariance.

For the Kuramoto—Sakaguchi equation, in the case of identical oscillators, the equation
enjoys a Wasserstein gradient flow structure (we refer the reader to [31, Appendix A]). In
the non-identical case, this structure is not strictly available. Nonetheless, in our analysis,
we use several techniques and objects inspired by the theory of gradient flows in the space
of probability measures. Similarly, if we consider the continuous version of the order
parameters

Re'? := / el F(1,0,0)db dw, (1.15)
T xR
equation (1.2) can be restated as
aof 0 .
§ + ﬁ(a)f — KRsin(0 —¢)f) =0, (A,w)eT xR, >0,
f0,0,0) = fo(6, ), (0,0) € T xR.

Without loss of generality, we can assume that g is centered as well, i.e.,

/ wg(w)dw = 0. (1.16)
R

Again, this is a necessary condition for equilibria to exist and we will assume it throughout
the paper. As for the discrete system, we obtain analogous conditions like (1.11) and (1.13)
for an equilibrium fo, with given order parameters Ry, and ¢ to exist. Specifically, if
supp g C [—W, W], then we have the necessary condition

W < KRe. (1.17)

In addition, there must exist a decomposition g = g™ + g~ with non-negative g* and g~
such that

foo(0.0) = gH(®) ® 8p+(1)(0) + & (®) ® 89-(w) (6). (1.18)
DT (@) = poo + arcsin(K: )

(@) = Poo + T — arcsin(K: )

o]

oo

Recall that Ry, and ¢ are not arbitrary, but the following continuous version of the
compatibility condition (1.13) must hold true (see [42] and also [22, Section 1(b)]):

A @(gﬂw) — g (w)dw — Ry = 0. (1.19)

Once again, (1.17) and (1.19) provide the necessary and sufficient conditions for R,
and ¢ to admit an equilibrium, whose explicit form is given by (1.18). As will become
apparent later in the paper (see also [13]), the stable equilibria with Ro, > 0 correspond
to the case g~ = 0 where there is no antipodal mass.
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1.3. Statement of the problem and main results

By direct inspection of the Hessian of the energy (1.14), one can see that, in a large cou-
pling strength regime, out of all of the possible equilibria up to rotations, there is only
one that is stable. That is the equilibrium in which the Hessian operator is strictly posi-
tive on the subspace orthogonal to rotations. One expects that with probability 1, system
(1.1) should converge to such equilibria if the coupling strength is sufficiently large. This
phenomenon has been widely observed in numerical simulations, but it remained an open
problem for a long time. After some previous partial attempts, the most satisfying answer
was recently obtained in [34].

There have been many approaches in the literature to show the convergence of the
system to the critical points of (1.14) in the large coupling strength regime. Since stable
equilibria have oscillators contained within an interval of size less than &, convergence
results have been mainly addressed in the particular case where initial data is originally
confined to such a basin of attraction, namely a half-circle. Specifically, in [16,27] a sys-
tem of differential inequalities was found for the phase and frequency diameter, which
yields the convergence of the system to a phase-locked state. Recall that (1.1) is a gra-
dient flow (1.6) governed by a potential energy (1.4). In [33, 39] the authors derived the
convergence to phase-locked states using Lojasiewicz’s gradient inequality for analytic
potentials [40] and it was used to obtain convergence rates (after some unquantified initial
time) in some particular cases where the Lojasiewicz exponent can be explicitly com-
puted. For general initial data along the whole circle, the literature is rare. One of the main
difficulties when trying to use standard theory from dynamical systems to show this is the
fact that critical points of (1.14) are not isolated (see Remark 1.1). The main contributions
in that direction are [28] and [34], but explicit convergence rates are not available. On the
one hand, in [28] the authors quantified a lower bound on the coupling strength guaran-
teeing convergence to the stable equilibrium departing from generic initial configurations.
Unfortunately, bounds were not sharp as they depended on the number N of particles.
Recently, those results were improved in [34] and N -independent bounds were derived.

In the continuum case (1.2), accumulation of oscillators in the opposite hemisphere of
the order parameter was excluded in [31]. Specifically, the authors found a mass concen-
tration phenomenon around the order parameter by obtaining invariant sets containing a
sufficiently large portion of the mass. The method of proof is related in spirit to the above
result [34] for the discrete model. However, convergence towards a stationary solution
was not yet established for generic initial data. See [13] for a particular proof when the
phase diameter is smaller than 7. Additionally, see [5] for a description of the equilibrium
in the kinetic case, where a conditional convergence result is presented, without rates. To
date, regarding generic initial data, there are only arguments based on compactness that
do not give any bound on the rate of convergence. We remark that while [34] provides
N -independent estimates, that is not enough to lift the convergence to equilibrium to the
continuous equation. The main obstruction is that the only existing results in the literature
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on mean field limits for the Kuramoto model are either local in time [38] or uniform in
time for restricted initial data [30]. In addition, convergence rates in [34] are not explicit.

Our goal here is precisely to investigate the long-time relaxations of solutions to
the global equilibrium. We are interested in the study of rates of convergence for the
Kuramoto—Sakaguchi equation towards the stable equilibria from generic initial data in
the large coupling strength regime. Additionally, we wish to derive constructive bounds
for this convergence and use them to obtain quantitative information about the conver-
gence of the particle system to the global equilibria as well. There are several reasons why
one may be interested in explicit bounds on the rate of convergence. In particular, one
may look for the qualitative properties of solutions. More importantly, only after getting
convergence rates can we use the dynamics of the kinetic equations to deduce quantitative
statistical information about the particle system.

The first thing that one might be tempted to do is to apply linearization techniques
around the equilibria. This analysis has been done in [20-23], and is connected with the
methods in Landau damping. However, there is a fundamental reason not to be content
with that analysis, which has to do with the nature of linearization. Quoting Desvillettes
and Villani [19],

This technique is likely to provide excellent estimates of convergence only after
the solution has entered a narrow neighborhood of the equilibrium state, narrow
enough that only linear terms are prevailing in the equation. But by nature, it
cannot say anything about the time needed to enter such a neighborhood; the latter
has to be estimated by techniques which would be well-adapted to the non-linear
equation.

Here is where our contribution takes places, and this is why we will not rely on lin-
earization techniques. Instead, we will stick as close as possible to the physical mechanism
of entropy production. Our main result is here:

Theorem 1.1. Let fy be contained in C'(T x R) and let g be compactly supported in
[—W, W1]. Consider the unique global-in-time classical solution f = f(t,0, ) to (1.2).
Then there exists a universal constant C such that if

w < CR3, (1.20)
K

we can find a time Ty with the property that

1 1
To < log(1+ wl/? —), 1.21
o % gz oe(1+ Wbl + ) (1.21)

and
Wa(f. foo) < €W HKCTO

for every t in [Ty, 00). Here, foo is the unique global equilibrium of the Kuramoto—
Sakaguchi equation up to rotations (see Proposition 3.3).
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In the above theorem and throughout the rest of the paper, given two function /; and
hy involving the different parameters in our system, we say that i, < h if there exists a
universal constant C such that h; < Ch,. Since our argument is constructive, every time
we use such notation, we could compute C explicitly. Additionally, because we often deal
with absolutely continuous measures, by abuse of notation, we will sometimes use f to
denote the measure f dx.

As a direct consequence of our main theorem, we obtain the following quantitative
concentration estimate for the particle system, which complements the results in [34, The-
orems 3.2 and 3.3].

Corollary 1.1. Let ;,Lfv be a sequence of empirical measures associated to solutions of
the particle system (1.1) starting at independent and identically distributed random initial
data with law fq (see Section 6 for further details). Assume that fy, Ry, K, and W satisfy
the hypotheses of Theorem 1.1 and let L be an interval with diameter 2 /5 centered around
the phase ¢oo of the global equilibrium f~. Then there exists a positive time Ty satisfying
(1.21) and an integer N * with the property that

1 1
log N* < — 1 (1 w2 —),
ogN™ < R2 og(1+ I foll2 + Ry

and for any N > N* and any s contained in the interval

, —— 10 s
0-fo T o5k OB\ v+

we can quantify the probability of mass concentration and diameter contraction of the

particle system with N oscillators. Indeed, we have

1
P(Vt >s, ALY (t) T : LY (s) = L and (M)~(D) hold) > 1 — C1e~ N>,

Here, conditions (M) and (D) yield mass concentration and diameter contraction. More
precisely, such properties are given by

1
uNLN @) xR) =1 - ge_%K(x_T") foreverytin[s, 00), M)
: N 4 K w .
diam(Ly' (¢)) < max{ge 20 , 12?} foreveryt in [s,00). D)

Additionally, Cy and Cy are universal positive constants which could be explicitly com-
puted.

Remark 1.2. Throughout the paper, we will consider generic initial datum f; in C! but
large coupling strength K satisfying condition (1.20) in Theorem 1.1. The large coupling
strength condition is necessary to guarantee convergence to global equilibrium given that
the Kuramoto—Sakaguchi equation exhibits a phase transition at a critical value of cou-
pling strength K = K,; see [15,20,22,23,37,50-52].
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Notice that although initial data is generic, condition (1.20) depends on the degree of
(dis)order of the initial data so that the closer Ry is to zero, the larger K is. This has proven
a necessary condition in the particle system too; see Remark 3.4.

Moreover, since none of the constants in Theorem 1.1 depend on norms of the deriva-
tive of the solution, they cannot be recovered via scaling arguments and near equilibrium
analysis from works such as [20-23].

In fact, when our result is applied to the case of identical oscillators, that is, all the
oscillators have the same natural frequency, condition (1.20) can be completely removed
and the estimates on Ty and N * remain valid when one replaces the term W |l foll2 with
the L2 norm of the initial distribution of phases.

Finally, notice that when Ry is close to zero then bound (1.21) in Theorem 1.1 predicts
an infinitely large transient of time 7y, which is required for the solution to enter the
concentration regime. This is not an artifact of the proof, but it is actually observed in the
particle system too; see Remark 3.5.

1.4. Ingredients of the proof

The proof of Theorem 1.1 is the first quantitative proof for the relaxation problem of the
solutions of the Kuramoto—Sakaguchi equation (1.2) with generic initial data in the large
coupling strength regime. It is intricate but rests on a few well-identified principles. Such
principles apply with a lot of generalities to many variants of the Kuramoto model. The
proof builds upon the following ingredients.

* A quantitative entropy production estimate inspired by the formal Riemannian cal-
culus of probability measures under the Wasserstein distance, which we address in
Sections 3.3 and 5. See [46] and also [31, Appendix A] for an overview in the con-
text of Kuramoto—Sakaguchi with identical oscillators. One form of this estimate was
originally presented in [31, Lemma 6.5], but we use a more refined version in this
work.

* A fibered Wasserstein distance W, , presented independently in [43] and [49]. This
distance is well adapted to the non-linear problem. By using this distance, in Section
3.1 we will derive new logarithmic Sobolev- and Talagrand-type inequalities associ-
ated with it; see [47].

* A quantitative instability estimate excluding the equilibria with mass in the opposite
pole of the order parameter, which we derive in Section 4. One form of this estimate
was originally presented in [31, Corollary 6.2], but we use a more refined version in
this work.

* A quantitative emergence of attractor sets, which we derive in Section 4.1. Those sets
consist of arcs around the order parameter containing a significant portion of mass
which stays together through the evolution. This result is the natural continuous coun-
terpart of the recent result in [34] for the discrete system.
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* A new estimate on the norms of the solution on sets evolving by the flow of the con-
tinuity equation that allows us to propagate information along the different parts of
the system. We discuss these estimates in Section 4 and we use them in Section 4.2 to
control the L2 norm outside the attractors.

The above ingredients are directed at two main objectives, which will settle the basis
of the proof of Theorem 1.1 in Section 3.2. First, the second item above pursues a new
transportation—dissipation inequality adapted to the Kuramoto—Sakaguchi equation, which
involves the novel fibered distance W, , and a generalized dissipation functional intrinsic
to the system. Conditioned to a concentration regime of phases around the order parameter,
the solution enters a “convexity area” and the functional inequality implies the conver-
gence to global equilibrium. Second, all other items will be used to precisely quantify the
phase concentration mechanism of the Kuramoto—Sakaguchi equation in the large cou-
pling strength regime, which will take the following explicit form.

Lemma 1.1. Assume that fo, Ro, K, and W satisfy the hypotheses of Theorem 1.1, con-
sider the unique global-in-time classical solution f = f(t,0,w) to (1.2), and set § = /3.
Then there exists a positive time Ty verifying (1.21) such that

3
Rz 5 and p(T\L} (1) < e K(=T0) (1.22)

for every t in [Ty, 00).

As discussed in Section 1.3, a weak version of this result was obtained in [31] without
an explicit control of the time T, and without explicit rates. Since Lemma 1.1 is intricate
and requires introducing all the above machinery first, its proof will comprise the core of
this paper and we postpone it to Section 5.2.

For pedagogical reasons, before entering into the details of the proof, first we will
provide a summary of the strategy and this will be the objective of the next section.

2. Strategy

In this section we will describe the plan of the proof of Theorem 1.1, and the system of
differential inequalities upon which our estimates of convergence are based.

Two of the main features of our proof are the fact that it follows the intuition derived
from the mechanism of entropy production, and it is systematic. Additionally, it capitalizes
on the behavior observed in numerical simulations under a large coupling strength regime.

We will overcome three main difficulties. First, the order parameter R defined in (1.15)
is not monotonic and when it vanishes so does the mean-field force between particles.
Additionally, our description of the equilibria is only valid when it is positive. This diffi-
culty also plays an essential role in the particle system; see [28,34]. The second difficulty
is the fact that the Kuramoto—Sakaguchi equation tends to concentrate the density, which
produces exponential growth of the global L? norms for p > 1. The third difficulty, related
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to the second one, is that a large family of equilibria with mass in the opposite hemisphere
of the order parameter appears in which the entropy production vanishes.

In the particle system (1.1), the potential function V' plays the role of the entropy.
Consequently, since the particle system is a gradient flow (see (1.6)), we have

d
EV(®(Z)) = —|VNV(O)[F.

Thus, we can see from this expression that when the particle system slope |Vy V(O(t)) |%V
is large, then the potential function V(®(¢)) should decrease locally. To quantify the rate
of increase of the slope, the starting point is the Hessian operator (1.14) of the energy
functional for the particle system. Such an expression implies that D 12v V(©(¢)) is bounded
from above (as a quadratic form) by Kr(®(¢)), that is,

(DXV(©M)v,v)Nn < Kr(0@))vly

for any (vy,...,vy) in RY, which implies the differential inequality

d
—2Kr(©)|VNV(©0)y < E|VNV(®(I))|%V < 2K|VN V()P

along solutions of the Kuramoto model (1.1). Notice that by (1.8),

V(O(1))
K
are related up to lower-order terms that can be neglected thanks to condition (1.20).
Similarly, considering the time derivative of the above quantities, we have that the two
expressions

and 1 —r2(0(1))

VN V(O©®)I%
K
should also differ by a lower-order term that, again, can be controlled using (1.20). This
justifies that, in the large coupling strength regime, we indistinctly call %r2(®(1)) and
|VNV(O(1))|3 the dissipation.

In the continuous case, those objects were extended to the setting of the Kuramoto—
Sakaguchi equation (1.2) with identical oscillators using the Riemannian structure for
the space of probability measures; see [31, Appendix A]. However, in the non-identical
case the Kuramoto—Sakaguchi equation (1.2) is not a Wasserstein gradient flow and this
presents an obstacle to try to use the above objects. By analogy, let us define the continuum
analog of the particles’ slope (1.9) given by

I[f] :=/T R(a)—KRsin(O—d)))zdeda). Q.1

d ,
and Er (B(1))

We will again call this quantity the dissipation. Indeed, notice that taking derivatives in
(1.15), one clearly obtains the following dynamics of the order parameters:

R = —/ sin(0 — ¢)(w — KR sin(8 — ¢)) f df dw,
T xR (2.2)

é = l/ cos(d —¢)(w — KRsin(0 — ¢)) f df dw.
R Jrxr
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Using it, we will show, in Lemma 3.3, that dissipation and the time derivative of the order
parameter are again related up to lower-order terms that can be controlled by condition
(1.20), i.e.,

I1f]- W < KR <3 107]+ W2

Indeed, in Corollary 3.1 we show that we can again control the growth of the dissipation
in the continuous description in a similar way, namely,

KR I[f] < % I1f] < 2K I1£].

In Section 2.2, we will describe how this relationship, along with the principle of
entropy production discussed below in Section 2.1, can be used to provide a universal
lower bound on R(¢) of the form ARy, for some A in (0, 1). In fact, we will show that by
making K sufficiently large we can make A as close to 1 as needed.

2.1. Displacement concavity and entropy production

We start by describing informally the entropy production principle in our context. Roughly
speaking, it will quantify the following fundamental fact:

If at some time t the system is far from the family of equilibria with positive order
parameter; then the order parameter will increase significantly in the next few
instants of time.

Before making it rigorous, we set some necessary notation that we will systematically
use throughout the paper. We define a dynamic neighborhood of the order parameter ¢
and its antipode as follows.

Definition 2.1. Given an angle « in (0, Z), we denote by L} (¢) the interval (arc) in T
that is centered around ¢ (¢), and has a diameter 7 — 2¢, that is,

L) = (¢(z) - % Y, d(t) + % —a).

Similarly, we denote by L, (¢) the interval (arc) in T of the same diameter that is centered
around the antipode ¢ (¢) + 7, that is,

La®)= (90 + 5 +a.p() + 2 —a).

In this way, L} (r) U L (¢) is a neighborhood of the average phase and its antipode.

Also, here and throughout the rest of the paper, given a measurable set B C T we
define

pr(B) = L p(1.0) o,
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and more generally,
p(40) = [ pir.0) s

for any time-dependent family of measurable sets t — A;.

Notice that by the explicit formula (1.18), all the possible equilibria in our analysis
have phase support confined to small arcs centered around ¢ and its antipode ¢ + .
Indeed, by our assumption (1.20) on % the diameter of those arcs can be made arbitrarily
small. Therefore, we may fix any small value of & as the size of the neighborhood L (1) U
L, (t), containing the phase support of equilibria. For simplicity, we will set o := %
throughout the paper.

To appropriately formulate our entropy production principle, let us depart from our
dissipation functional (2.1). As for the particle system (1.9), notice that I[ f] vanishes if,
and only if, f is an equilibrium. Hence, I[f] could be thought of as a natural measure of
how close a given f is to the family of equilibria (1.18). The starting point of the princi-
ple is the following control of the lateral mass outside the time-dependent neighborhood
LF(t) U Ly (t) by the dissipation functional (equivalently 4 R?):

2
PT\LEO U Lg (1) = 2 SR o

_— _— 2.3
cos?(w) dt K2R? cos?(x) 2.3)

Such an inequality will be proven in Lemma 3.5 and provides relevant information on the
system. Specifically, notice that when f is sufficiently far from the family of equilibria
(i.e., it has enough mass outside L} (1) U L, (1)), then the dissipation T[] is sufficiently
large. Consequently, the time derivative of R? is large in this case as well, and this pro-
duces an entropy production of the system. The rigorous entropy production principle will
be obtained in Lemma 3.2 and will quantify the exact gain in the order parameter. In a
nutshell, if at some time ¢y > 0 and for some A € (0, 1) we have

. K
R(to) = ARo, R(to) > Z/PRS cos?(a),

then there must exist some 0 < d < m so that
1
R*(to + d) — R*(tp) > %A“RS. (2.4)

The growth estimate (2.4) was partially anticipated in the previous work [31, Lemma
6.5]. However, our strengthened version in Lemma 3.2 better fits the approach in this

paper.
2.2. Small dissipation regime and lower bounds on the order parameter

When the dissipation is large, the above entropy production principle quantifies the gain
of the order parameter in the next few instants of time. Regarding the reverse regime with
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small dissipation, Lemma 3.5 will show that when R is below a critical threshold, we
achieve the following differential inequality:
d

K 3 3
_2 __3 (1 _ 2___ 2 p3
TR > ( R —%[ARO4—5(1 A)RO]R ~(1- ) RO), 2.5)

which holds in any time interval [¢1, #;] such that
> K, 303 2 .
R(t) < Z)t Ry cos“(a) in [ty 12].

Estimate (2.3) will be crucial to derive the lemma. Additionally, note that the right-hand
side of (2.5) vanishes when R = ARy. In Corollary 3.6, we will combine this inequality
with the above entropy production in Lemma 3.2 to quantify a universal lower bound
R(t) > ARy on the order parameter.

2.3. Instability of the antipodal equilibria

The main obstacle to use the above entropy production estimate to show the convergence
to the global equilibrium is the fact that it does not exclude the possibility that R may
vanish or alternate signs over long periods. To overcome such a difficulty, we need to
quantify the instability of the antipodal equilibrium, which roughly speaking states the
following:

If the system is eventually close enough to a critical point and such a critical
point has mass in the opposite hemisphere of the order parameter, then the system
would depart from such equilibria and mass will leave the opposite hemisphere
exponentially fast.

To quantify this instability, let us first introduce some necessary notation. We consider
a smooth regularization of the characteristic function of L (7) as

Xa,50(0) = a5, (0 — ¢ — 1),

where 8y > 0 is a small fixed parameter and &, s, is a smooth regularization of the char-
acteristic function of [—(5 — «), (5 — )], namely,

1 if|r|§£—a,
2

1

2|r|—(x—2a+380)
1+ exp( g—a+80—\r\)(|r|—g+a))

o T 4
Ea,0(r) == le_“ =lIrl= 5—054'50, (2.6)

0 mnz%—a+%

As for a, we can take 8o as small as desired (e.g., §o = 1/2). For notational simplicity we
will set

&y = Ea,1/2 and Xa = Xo_z,l/Z'



J. Morales and D. Poyato 646

Additionally, we will use the notation

f7(B) 1=[f2(t,9,w)d9dw
A

for any measurable set B C T and, more generally,
o) = / 9(t.0.0) f2(t.0,0)d0 do

for any function ¢: R* x T x R — R. Bearing all the above notation in mind, the main
inequality quantifying the instability of equilibria with antipodal mass reads

d
7770 () = —KRsin(@) £ (15, (1))

2R 1 w2

+
kKR T REK2 -

+ 4Kft2(T)[% + — Rcos(a)]
Although this inequality is a variant of an estimate previously introduced in [31, Corollary
6.2], we prove it in Proposition 4.1 because it better fits the approach in this paper.

Notice that when the system is close enough to an equilibrium so that the dissipation
is below a critical threshold, the second term of this inequality vanishes and, indeed, it
establishes the instability of equilibria with antipodal mass. However, when one tries to use
such an inequality to quantify the convergence rates, but the dissipation is not sufficiently
small, one sees that the term f,?(T ) represents an obstacle. Specifically, it stands to reason
that one can produce examples in which f(T) grows exponentially fast because the
Kuramoto—Sakaguchi equation concentrates mass. We solve this difficulty by adopting
a Lagrangian viewpoint in which we analyze norms of the solution along sets evolving
according to the continuity equation. That is the content of the next section.

2.4. Sliding norms

The key ingredient that allows us to relate the different functionals appearing in our esti-
mates is the notion of sliding norms along the flow of the continuity equation. For this
purpose, let Xy, (6, ®) = (O, (0, w), w) denote the forward flow map, that is,
d
d_Xto,z(Q, w) = (U[f], 0)7
t
Xto,to(e’ CL)) = (9’ Cl)),

associated to the continuity equation (1.2) for any ¢, 7y > 0.

For any measurable set A C T xR, we will denote the image X;, ;(A4) by Ay, s, For
simplicity, when considering a time-dependent set A(¢), we will use the notation A(ty); to
denote A(to),,:- Additionally, given a measurable set B C T, we will use By, ; to denote
the projection of (B x [-W, W), into T. Again, if B(¢) is a time-dependent set in T,
we will use B(to); to denote B (o).
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Now we are a position to state our sliding norm estimate which is given by

d
gi /A < KR( s | eon(® - B(1) f2(Ar0).

and holds for any measurable set A C T x R. We prove this inequality in Lemma 4.1. To
use this inequality effectively, one must obtain a control on the dynamics of sets evolving
according to the characteristic flow, both in the large and small dissipation regimes. We
perform this analysis in Sections 4.1 and 4.2.

2.5. The system of differential inequalities

All the above-mentioned bounds lead to a system of coupled differential inequalities and
functional inequalities. For convenience, let us recast it explicitly here:

d

=S (An) < KR sup  cos(6 = ¢(0)) £2(Ag0). @7
(0.0)€A1

“2KRIIf] = 5 I0] < 2K 117) 28)

I[f1-w? < K%Rz <3I[f]+ W2, (2.9)

d
Efz()(,;(t)) < —KRsin(@) f2(xg (1))

w 2R 1 w2 +
2 — R e —
+AKFAD)| = + 1\ 2 + mrr — Reos@] . @10)
d 2 3 3 2 3 2 p3
SR > K(~R +[ARO+§(1—A)R0]R ~ 2= RO), @.11)

where the first inequality holds for any measurable set A C T x R, the last inequality
holds in any interval [t1, f5] satisfying the hypotheses of Lemma 3.5, and all of the other
inequalities above hold for every 7 in [0, 00).

The goal of such a system is to prove our main Lemma 1.1 by providing explicit
bounds on the time Ty and explicit rates of phase concentration. As we discuss next in
Section 2.6, this information is crucial to prove our main Theorem 1.1. To achieve this,
we use two main components. On the one hand, we study the dynamics of sets along the
characteristic flow in Section 4. On the other hand, we recover the general entropy method
developed in [19] and adapt it to our setting; see also [10-12, 17, 18, 25, 53] for applica-
tions to other models. The argument is described in detail in Section 5 and it consists in
performing a subdivision into time intervals subordinated to different scales of values of
the order parameter. Such intervals are classified into intervals where the dissipation is
above and below a certain threshold. If the dissipation is large on an interval, we use the
lower bound (2.8) in the form of our entropy production estimate to quantify the increase
of the order parameter. Conversely, if the dissipation is small, we use (2.10) to quantify
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the departure of the system from the family of equilibria with antipodal mass. To do this
effectively, we communicate information between the different regimes using inequality
(2.7) and our analysis on the dynamics of sets from Sections 4.1 and 4.2.

2.6. Local displacement convexity and Talagrand-type inequalities

This part comprises the second main component which, together with Lemma 1.1, settles
the basis for the proof of our main Theorem 1.1. Note that at the particle level, we see
that the Hessian operator (1.14) is positive definite in the subspace orthogonal to rotations
whenever the oscillators are strictly contained in a suitable interval. As mentioned in Sec-
tion 1, the classical theory of gradient flows allows convergence rates towards equilibrium
to be derived when the energy is strictly convex. Thus, once the mass enters exponentially
fast to the region of convexity after Ty according to Lemma 1.1, one may hope to recover
such a convergence result for our system. Indeed, inspired by the arguments in [47] where
the authors prove the logarithmic Sobolev and Talagrand inequalities, we derive analogous
inequalities that yield the exponential convergence result and uniqueness of the global
equilibrium. Since our system is not a Wasserstein gradient flow, we derive such inequal-
ities for a fibered transportation distance W, ¢, which is well adapted to the non-linear
problem. The proofs of these inequalities are the content of the next section.

3. Functional inequalities and a fibered Wasserstein distance

As discussed before, the proof of Theorem 1.1 will be split into two distinguished
parts that capture two qualitatively different features of the dynamics of the Kuramoto—
Sakaguchi equation (1.2). First, recall that from many preceding works (see, e.g., [5, 13,
31]) it is apparent that the entropy functional of the equation does not satisfy the necessary
convexity properties for the classical theory of gradient flows to work and show conver-
gence towards the global equilibrium. Thus, we need to prove, using different tools, that
the dynamics of the equation itself drives the system towards an appropriate “convex-
ity area” exponentially fast after some quantified time 7, > 0. This is the content of
Lemma 1.1, where such a convexity area is described by a dynamic neighborhood of
the order parameter ¢p. The proof of this result is postponed to forthcoming sections and
becomes the cornerstone of this paper.

We devote this part to studying the other main feature of the dynamics, assuming that
Lemma 1.1 holds. Specifically, we show that although the system is not a Wasserstein gra-
dient flow, the generalized dissipation functional that was introduced in (2.1) satisfies an
appropriate Hessian-type inequality after the solution has entered into the concentration
regime quantified in Lemma 1.1. The final step is inspired in [47] by the derivation of the
logarithmic Sobolev and Talagrand inequalities for gradient flows in Wasserstein space.
Indeed, we will show that despite the fact that our system is not a Wasserstein gradient flow
due to the presence of heterogeneities introduced by w, some dissipation—transportation
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inequality still can be achieved for an adequate distance on the space of probability mea-
sures. Such an inequality, along with the exponential decay of the dissipation, guarantees
the exponential convergence to the global equilibrium in Theorem 1.1.

To start, we first study the dynamics of the dissipation functional (2.1) along the flow
of the Kuramoto—Sakaguchi equation.

Theorem 3.1. Assume that fy is contained in C'(T x R) and g is compactly supported
in [-W, W]. Consider the unique global-in-time classical solution f = f(t,0,w) to (1.2).
Then

4 1= -k (& — KRsin(6 — ¢)) — (' — KRsin(6' — $)))”
dt T2xR2

x cos(6 —0) f(t,0,w) f(t,0',0')dO dO' dw dw'.
Proof. Taking derivatives in the dissipation functional yields the decomposition

d
— Ilf]1=15L+ I,
I =Nt Do

where each of the terms takes the form

I = 2/;r R(a) — KRsin(0 — ¢))(—K Rsin(0 — ¢) + KR cos(d — ¢)d) f db dw,

I = / (w — KRsin(8 — ¢))?0; f df dw.
T xR

Let us use (2.2) and substitute the formulas for R and ¢ in each term. By doing this, we
get

Ii=2K | (- KRsin(® - )@ — KRsin(6' — ))
o x (sin(6 — @) sin(8’ — ¢) — cos(f — @) cos(6’ — ¢))
X f(t.0,0) f(t.0, &) d0 O’ do dw’
=2K | (0~ KRsin(0 - $))(@ — KRsin(0' — $)) cos(6 — 6)
o X f(t.0,0)f(t,0, &) d0 O’ do dw’ 3.1)

and
L= /T . dg[(w — KR sin(0 — $))*](® — KRsin(6 — ¢)) f d dw

= 2K (w — KRsin(6 — ¢))*Rcos(0 — ¢) f db dw,
T xR

where we have used the Kuramoto—Sakaguchi equation (1.2) and integration by parts.
Notice that by definition of the order parameter (1.15), we obtain

Rcos(0 — ¢) = / cos(f —0) f(t,0',0")db0 do'. (3.2)

T xR
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Using this identity in the above formula for I, implies

I, = -2K (w — KR sin(6 — ¢))? cos(6 — 0')
T2xR2

x f(t,0,w) f(t,0,0)d0d0 dodw'. (3.3)

Let us now change variables (6, w) with (', w’) in (3.3) and take the mean value of both
expressions for /5. Since the cosine is an even function, we equivalently write

I, =-K (0 — KRsin(d — ¢))* + (o' — KRsin(8' — ¢))?)
T2xR2
x cos(6 —0) f(t,0,w) f(t,0',0')dO dO' dw dw'. 3.4

Finally, putting (3.1) and (3.4) together and completing the square yields the desired result.
(]

As a consequence of the previous theorem, we obtain the following quantitative behav-
ior of the dissipation.

Corollary 3.1. Assume that f, is contained in C'(T x R) and g is compactly supported
in [-W, W]. Consider the unique global-in-time classical solution f = f(t,6,w) to (1.2).
Then

~2KRI[f] = 5 T1/) < 2K I1/] (3.5)
forallt > 0. In particular,
I[f1t)e 2K S0 RO < T1£10) < I[f1(19)e>K ¢
forallt > to > 0.

Proof. Note that the second chain of inequalities follows from integration of (3.5) with
respect to time. Then we focus on the proof of (3.5), which we divide into two steps
associated with the upper bound and lower bound respectively.

Step 1: Upper bound. Using Theorem 3.1 and bounding cos(6 — 6’) by 1, we achieve the
following upper bound for the derivative of the dissipation functional along f:

411 < / (@ — KRsin(0 — ¢) — (' — KRsin(0' — ¢)))°
dt T2xR2
x f(t,0,0) f(1,0',0')d8 d§' do do’

=2K (w — KRsin(8 — ¢))> f df dw
T xR

2
—2K(/ (w—KRsin(9—¢))fd9dw) .
TxR

Using definition (1.15) of R and ¢ along with assumption (1.16), we clearly obtain that
the second term vanishes and we conclude the upper bound.
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Step 2: Lower bound. Again, we will use Theorem 3.1 and expand the square to obtain

4 I[f]=—-2K (w — KR sin(8 — ¢))? cos(6 — ')
dt T2xR2
x f(t,0,0)f(t,0,0")d0d0 dow do’
+ 2K (w — KRsin(0 — ¢)) (0’ — KR sin(8' — ¢)) cos(6 — 0")
T2xR2

x f(t.0,w) f(t.0",0")d0do' dw dw’
= —2KR / (w — KR sin(8 — ¢))? cos(6 — ¢) f db dw
T xR

2
+ 2K

/ (w — KRsin(0 — ¢))e'®® 7 do dw
T xR
> —2KR / (w — KRsin(8 — ¢))* f df dw,

T xR

where in the second identity we have used (3.2) while in the last inequality we have
bounded cos(f — #’) by 1 and we have neglected the non-negative term. Hence, the desired
result follows. ]

3.1. A fibered Wasserstein distance and relation to dissipation

In this section we introduce a Wasserstein-type distance in the product space T x R that
will play an essential role in the aforementioned dissipation—transportation inequality.
This metric is constructed through a gluing procedure of the standard quadratic Wasser-
stein distance in T between conditional probabilities at any fiber w € R. Since it behaves
in a fiberwise way, we call it the fibered quadratic Wasserstein distance. For the conve-
nience of the reader, we recall it here and introduce some of the main properties that will
be used throughout the paper. See also [43,49] for further details.

Definition 3.1 (Fibered quadratic Wasserstein distance). Consider any probability mea-
sure g € P(R) and let us define the closed subset of those probability measures T x R
whose w-marginal agrees with g, i.e.,

Pe(T xR) :={u € P(T xR) : (mp)s1 = g}

We define the fibered quadratic Wasserstein distance on P, (T x R) as

1/2
Wog (1. ) = ( /R Wi (o). v(0))? dwg) (3.6)

for any u,v € Po(T x R). Here, we denote the family of conditional probabilities (or
disintegrations) of u with respect to the fiber v € R as

w€R— u(-lw) e P(T),
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which is a Borel-measurable function defined by the formula

/T _ 000.0) ds = A ( /T 0(6.0) deu(-lw)) dog

for any test function ¢ € Cp(T x R).

As for the classical quadratic Wasserstein distance, this distance also admits an equiv-
alent Benamou—Brenier representation (see [4]), which can be obtained by gluing the
corresponding representations at any fiber.

Proposition 3.1. Consider g € P(R) and let f!, f? € Pg(T x R). For g-a.e. value of
o € R, let us consider some Wasserstein geodesic T € [0, 1] — h;(:|w) € P(T) that joins
the conditional probabilities with respect to w, that is,

heeo(0) = f1(lw) and hey(0) = £2(|o).

This is an absolutely continuous family with respect to the Wasserstein distance on T and
it has an associated family of potentials t € [0, 1] = Y. (-, w) so that

2 hetclo) + diva (Vo 0)he (o) = 0.

3 | 3.7
G Ve 0) + SIVgye (L )2 = 0, Yrmo(, @) = Yo (-, @),
for some d;-concave Sfunction —rg with respect to 0, in the distributional/viscosity sense.
Then the following identity holds true:
1
Was (= [ Vewdedr, (338)
0 JTxR

where we denote by h, the measure that can be recovered from the conditional probabil-
ities h¢(-|w) with marginal g, that is, for any test function ¢ € Cp(T x R) the following
disintegration formula holds:

/TX]R (0, w) dh, =/R(/T <p(9,w)d9hr(.|w)) dog.

Since the proof is a simple gluing procedure applied to the classical result for the
quadratic Wasserstein distance, we skip it. The interested reader may want to get further
details from [4] and the textbooks [2] and [57, Chapter 13].

Remark 3.1. The second equation in (3.7) is called the Hamilton—Jacobi equation, and
using it we observe that (3.8) can be restated as

Wae (f1. f2)? = / |Voy:|?h, dO do (3.9)

T xR

for every t € [0, 1]. This suggests that such Wasserstein geodesics have constant speed.
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An interesting fact is that this new fibered quadratic Wasserstein distance and the clas-
sical quadratic Wasserstein distances in P (T x R) are appropriately ordered. Before we
state the relation, let us remark on the following fact.

Remark 3.2. The classical quadratic Wasserstein distance W, in P,(T x R) is defined
as the transportation cost associated with the standard Riemannian distance in the product
space T x R. That is, W, is defined by

1/2
Wa(uy - fo) = ( inf f d(6,6") + (0 —a)’)z)dy)
yell(uf, fo) JT2xR2
for any u, v € Po(T x R). Here, d(6, ') denotes the canonical Riemannian distance
between any two points # and 6" in T.
For our purposes, such a distance is not appropriate as it is not dimensionally correct.
Indeed, 6 and w have different physical units and considering W, causes problems in
deriving the asymptotic behavior of solutions.

The above remark suggests considering the following correction of the classical qua-
dratic Wasserstein distance in P, (T x R).

Definition 3.2 (Scaled quadratic Wasserstein distance). Let us consider the scaled Rie-
mannian distance on the product space T x R, i.e.,

(w—)?\3
)
We define the scaled quadratic Wasserstein distance on P, (T x R) by the transportation
cost associated with the above scaled Riemannian distance, that is,

N2 1/2
SWo(ul . fo) = ( inf /T2 N (d(e, 02 + (w—‘”)) dy)

y€I(u,v) K?

dx (0, w), (0", ")) = (d(e, 02 +

for any u,v € Po(T x R).
We are now ready to state the relation between SW, and W,.

Proposition 3.2. Consider g € P>(T). Then we obtain
SWa(,v) = Wag (i, v)
forany p,v € P (T x R). In particular, we have
Wa (. v) = Wa g (i, v).

Proof. Consider for g-a.e. @ € R the optimal coupling yo., € I1(1(-|®), v(-|w)) between
the conditional probabilities u(-|w) and v(-|w). Then we can construct the probability
measure y € P(T? x R?) given by

V= 70,0(0,0") ® 8u(0) ® g(w). (3.10)
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Let us see first that it defines a transference plan, that is, y € I1(u, v). To this end, consider
any test function ¢ € Cp(T x R) and note that

/ % d(e,w) (ﬂ(e,w)#)/) = / 90(9» w) d(6,9’) Y00 de (8) dwg
T xR T2xR2
= / @0, w)dg,0nY0,0 dwg
T2xR
= [ 0.0 dotronrn) dug
T xR

- f 0(8.0) dop () dog = / 0 dg.wit
T xR TxR

X

Then 7(g,)#y = w. Similarly, note that
/ @ d(e’,w’) (9, 08Y) = / (p(e/, w/) d(9,0’) V0,0 do' (00) dwg
T xR T2xR2
= / 90, 0) d,6) V0.0 dwg
T2xR
= [ 06" 0) duronro) dog
TxR
— [ ot wrdmtirdug = [ odoay.
T xR T xR
Then we also recover m(g 4y = v. Also note that, by definition,

W (1, )? = /

RxT?2

- / dx (6. ). (0. 0")) d@.or' oy = SWa(i. ).
T2xR2

d(0.0")? dg.6/) V0,0 dwg = / d(0.0")? d((0.w).0".0) Y
T2xR2

where the extra term that has been added in the second line vanishes because of the pres-
ence of 8, (w’) in (3.10). n

Indeed, the scaled and fibered Wasserstein distances are strictly ordered.

Remark 3.3. Consider the empirical measures
1 1
wi= 50600 T00)) and vi= 0600 +0602)
for some 61,0, € T and wy, w> € R. Notice that
1
Tp#l = Tp#V = 5(80)1 + 8(»2) =g,

thus, u, v € Pg (T x R). Finally, for g := d(61, 6) and ¢, := |1 — w»| it is clear that

2

[ )
Wag(u,v)? =& and  SWa(u,v)? = ﬁmm{gg, K_wz}
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Consequently, we obtain
)
SWau,v) < Wy o(p,v) if x < &g,
&
SWa (i, v) = Wa g (1, v) lff’” > 9.

We are now ready to state the main relation between this fibered transportation distance
(3.6) and the dissipation functional (2.1).

Lemma 3.1. Assume that fy is contained in C'(T x R) and g is compactly supported in
[—W, W1]. Consider the unique global-in-time classical solution f = f(t,0, ) to (1.2).

Then
d 1 !
3 Wasfos )2 < I 1 Wag (fir 15)

for everyt > 0 and almost every s > 0.

A similar result was explored in [49, Theorem 4.4]. There, the author used the defini-
tion of W, ; in (3.6) for general measures that may enjoy atoms eventually. In this result,
we sketch a simpler proof that uses the representation formula of the derivative of Wasser-
stein distance for absolutely continuous measures; see [2, Theorem 8.4.6], [57, Theorem
23.9].

Proof of Lemma 3.1. Since f satisfies the Kuramoto—Sakaguchi equation (1.2), then each
conditional probability with respect to w € T verifies the continuity equation

%f(9|a)) + dive((a) — KRsin(8 — ¢))ei9f(0|a))) =0

forall # > 0 and 8 € T. That is, the disintegrations themselves are driven by the tangent
transport field
6 €T v2(0) := (w— KRsin(d — $))e’.

Since f is smooth, it is clear that the family s € [0, +00) — f;(-|w) is locally absolutely
continuous with respect to the quadratic Wasserstein distance on T. This clearly guaran-
tees that the following function is also locally absolutely continuous:

s € [0, +00) > Wa(fi(-|o), fi(|w))?

for every w € supp g; see [2, Theorem 8.4.6] or [57, Theorem 23.9]. In particular, we can
take derivatives almost everywhere and obtain the formula

d 1 t
gzwz(ftﬂw),fs('lw))z = —/T(U?)(@)’Vlﬁi;o(@,w))fs(elw) de (3.11)

for almost every ¢ > 0, where the family 7 € [0, 1] — (43", ¥2’") has been chosen accord-
ing to (3.7) so that it represents a Wasserstein geodesic joining the conditional probabilities
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of f; to those of f;. By the dominated convergence theorem, we can then show that the
following function is also absolutely continuous:

s € [0, +00) > Wz,g(ftvfs)z'

Integrating by parts and using (3.11) we obtain

d 1

GaWaslf 2 == [ 000 VU000 £il0)g(@) B do

= —/ (v2(60), VY500, 0)) f+(0, 0) d dw. (3.12)
T xR

Using the Cauchy—Schwarz inequality in (3.12) along with the definition of the dissipation
functional (2.1) and the representation of the fibered quadratic Wasserstein distance in
Proposition 3.1 we obtain
d 1
ds?2

for almost every s > 0. Hence, the desired result follows. [

Wag(fir )2 < I[f12 Wa g (fir fi)

As a direct consequence of the above lemma, we obtain the following dissipation—
transportation inequality.

Corollary 3.2. Assume that fq is contained in C'(T x R) and g is compactly supported
in [-W, W]. Consider the unique global-in-time classical solution f = f(t,0,w) to (1.2).
Then

W (ft, f5) < /;S I[f)Y*dc foralls > 1.

3.2. Convergence and uniqueness of the global equilibria

In this section we will prove the main Theorem 1.1 on convergence to the global equilibria
in the large coupling strength regime. Before we proceed with the proof, let us first show
that such an equilibrium is indeed unique up to phase rotations. We remark that this result
is already known in the literature.

On the one hand, the direct classical proof follows from the characterization of equi-
libria fo, With R > 0 in Section 1.2. Specifically, assume diam(suppy foo) < 7 and
supp g C [-W, W]. Then g~ = 0 in (1.18), meaning that there is no antipodal mass, and
the compatibility conditions (1.17) and (1.19) reduce to

1
w
F(Roo) = K/ V1= 52g(KRoos)ds —1 =0, Reo € [?,1].
-1

‘We note that F is a continuous function and it verifies

F(l) < K/_llg(Ks)ds—lzo, F(%) = %/_:VV ,/1—(%)2g(w)dw—1.
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In addition, we have limw _ ¢+ F (%) = +o00. Hence, in the large coupling strength
K

regime there must exist at least one Ry, > 0 solving the above implicit equation, which

determines a stationary state foo via (1.18). The uniqueness of the equilibrium (up to phase

rotations) is clear by virtue of the strict monotonicity of F. Specifically, by differentiation

and integrating by parts we have

F'(Reo) = —Kz/ J1- (%)zg(w) do — R%f w—zg(w) do < 0.
R 00 R — (=L
00 /1 (K%m)2

On the other hand, an indirect proof follows from [13], where the authors derived
a strict contractivity estimate for an appropriately modified Wasserstein distance VT/p in
P, ([0, 27r) x R) along any couple of solutions lying in the above region of convexity
(oscillators confined to a half-circle). Such an estimate yields uniqueness of equilibria and
relaxation to equilibria at once, provided that initial data belong to the basin of attraction
and coupling strength is large enough. We remark that the geometry of T was disregarded
in that result when defining Wp. Namely, the geometry of T decreases the transportation
cost of mass between phases separated by distances larger than 7 (when viewed in the
real line), so that W, becomes strictly larger than our proposed fibered distance W> .

For self-consistency of our presentation, we provide an alternative proof that exploits
our proposed fibered distance W, ¢ and is based on a similar convexity property. It does
not exploit the explicit structure of equilibria so that the method of proof could be inter-
esting on its own to address other settings with less suitable algebraic structure. We leave
the full study of similar strict contractivity of W, , as in [13] to future works.

Proposition 3.3. Let fo, and f], be stationary measure-valued solutions to (1.2) and
assume that they have the same distribution g of natural frequencies, and diam(suppg foo)
and diam(suppy f2,) are smaller than /2. Then they agree up to phase rotations, that is,
there exists a constant ¢ € R such that

fo/o(e»w) = foo(e —C,Cl)).

Proof. For any ¢ € R we consider the rotation operator in the variable 6,
g‘;[fo/o](e? (1)) = fo/o(e —C, (,()),
and define the optimization problem

min Wa,g (foo Tel fo])*- (3.13)

The minimum of (3.13) exists from straightforward arguments and will be achieved at
some ¢ = ¢ € R. Without loss of generality, let us assume that ¢y = 0. Indeed, otherwise
we can replace fJ with T, [ f.] and it does not change the thesis of this result. On the
one hand, let us consider the continuity equation

8 e
gfs/ + divg(e HJ’S’) =0,
fs/=0 = fo/o’

(3.14)
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whose solution clearly describes the above family of phase shifts, namely f; = 5[ f2].
Since W> g ( foo, foo) Minimizes problem (3.13), we obtain a critical value at s = 0, i.e.,

% W (foor /)2 = 0. (3.15)
Let us write down condition (3.15) more explicitly. Indeed, consider a Wasserstein geo-
desic that joins the conditional probability f. (-|w) to f;(-|w) and represents it through a
family

hi—o(lw) = fo(lo),
hr—y (o) = f{(|w),
as in (3.7) in Proposition 3.1. Here, although (3.7) holds only in the viscosity/distribution
sense, this fact can be handled nowadays by standard regularization arguments; we refer
the reader to [57, Chapter 13]. (In particular, our dissipation functional I[f]is continuous
with respect to W, , which makes it well behaved with respect to regularizations.)

Now observe that, by construction, f; (-|w) verifies the continuity equation (3.14) that
is driven by the trivial tangent transport field 6 € T > ¢?%. Then, using the same ideas as
in the proof of Lemma 3.1 (see [2, Theorem 8.4.6] or [57, Theorem 23.9]), we obtain
d 1

dsls=02

for almost every s > 0. Taking integrals in @ against g and using (3.15) we obtain

T €[0,1] = (A3, v)) with (3.16)

Wafoo Cl00). £ C|))? = /T (€% Ve s=0(6. 0)) do f1o (o)

/T (. Voui) g flo =0
X

s=0

Indeed, using the equations for #15=° and ¢?

in (3.7), it is clear that the above implies

/T e Vo) dgapht™0 =0 3.17)

for every t € [0, 1]. On the other hand, by hypothesis fo and f verify the (stationary)
Kuramoto—Sakaguchi equation (1.2), that is,

D oo+ v (@ — KReo sin(6 — hoe))e foc) = 0.

0 . . 0

5]"0'0 + le@((a) — KR sin(0 — ¢))e’ fo’o) =0.
Since the solutions are stationary, we can use the same ideas as before to arrive at the
identity

d
0= L i (fotlo). £L ()

T di2
- /T (@ — KRL, sin(® — ¢.0))e® . Voyrs=0(. ) do £ ()

- /T((w — KRoo sin(0 — goo))e’’, Vo320 (-, )) dg foo ().
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From here on we will omit the superscripts s = 0 of hi=0 and ¥} =0 for simplicity, as they
are clear from the context. Then integrating against g and using the fundamental theorem
of calculus in 7 yields

1 d ) .
/ E/T R((w — KR sin(0 — ¢r))e'®, Voor) dgwyhe dt =0, (3.18)
0 X

where R; and ¢, are order parameters associated with the displacement interpolation /.
Let us now expand the derivative in (3.18) and use the Hamilton—Jacobi equation for v,
and the continuity equation for £, in (3.7) (see [57, Chapter 13]). Then we obtain

A+B+C =0,

where the terms read

1
1 .
A= / / <v9 (—-|v9¢r|2), (@ — KR, sin(d — ¢r))e’9>d(9,w)ht dr,
0o JTxRr 2
1 d )
B := / / <—[w — KR, sin(0 — ¢p)]e'?, ngt>d(9 wyhedr,
0 JTxR dt ’

1
C = / / (Vo(VoVe, (0 — KR sin(0 — ¢r))e'®), Voyr) dg myhe d .
0 T xR

On the one hand, taking the sum of A and C we can simplify to

1
A+C —K/ / R cos(0 — ¢2)| Vo> dg,wyh- dt
0 T xR

1
K [ [ cost6 - 0015l dgarhe doranh de
0 TxR JTxR

K 1
_E/ f / cos(6 — ) ([Va = (8, )|> + Ve v (8, )]?)
0 TxR JT xR
X d.wyhr dg wyhcdr, (3.19)

where in the second line we have used the properties of the order parameters R, and ¢,
of the interpolation /., namely,

R, = / cos(0" — @) dr whe,
T xR

0= [ sin®’ = go) dirah.
T xR

and in the third and fourth lines we have used a clear symmetrization argument. Let us
now differentiate with respect to v and use the continuity equation for /. to obtain the
formulas

th . / i’ / /
d - = _[ sin(f’ — ¢r)(€le Vo (07, @) d(els‘"’)hr’
T T xR
d¢r _ o i6’ [N
o = cos(8' — @ ){e'” , Vo (0", ")) dor, 0yl
T T xR
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Then the term B can be written as

! . d ; _dR do
_ i6 “(_ T . B 4
B—/O /m<e Vote) oo (=K S sin(® — o) + KRS

T T

cos(8 — ¢r)>
X d@wyhdt
1
- K/ / / cos(8 — 0')(e'?, Vo (8, 0)) (e, Vg (0, ')
0 JTxR JTxR
X d(@,w)]’lr d(g’,w’)hr dr. (3.20)

Putting formulas (3.19) and (3.20) into (3.18) gives

K (! ; o
0= ——/ / f cos(8 — 0")({e', Vo (6, )) — (', Voo (60, 0')))*
2 Jo Jrxr JTxr
X d(e’m)hr d(@r’w/)hr dr. (3.21)
Since there exists 0 < § < 7/2 such that
diam(suppg foo) <& and diam(suppy fo,) <8,

then the same is true for the interpolations /.. Indeed, this is a consequence of the mono-
tone rearrangement property of the 1-dimensional transport on each fiber. Hence, we can
take upper bounds in (3.21) and obtain

K ! , o .,
0=-Feos®) [ [ [ (Vw000 — (e Voy(@'. )’
0 JTxR JTxR
X d(g,w)/’lr d(g/,w/)/’lr dt

1
=-K cos(S)/ / Vo |? dgwh-dr
0 TxR

1 2
+ Kcos(S)/ (/ ("% Vgur,) d(g,w)h,) dr.
0 TxR

Notice that condition (3.17) allows the second term to be neglected. Also, notice that the
cosine has positive sign and hence

Voyi=" =0 fordt ® i -ae. (1,0,0) € [0,1] x T xR.
In particular, the continuity equation for 25=° implies that
foo = h=0 = fI forallt €[0,1],
thus ending the proof. ]

We now come back to the proof of Theorem 1.1. First, we show that once the con-
centration regime in Lemma 1.1 takes place, Theorem 3.1 guarantees that the dissipation
decays exponentially fast.
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Corollary 3.3. Assume that fy is contained in C'(T x R) and g is compactly supported
in [-W, W] and centered (i.e., (1.16)). Consider the unique global-in-time classical solu-
tion f = f(t,6,w) to (1.2). Then the following holds true:

dIlf]
dt

for everyt > 0.

< —2K cos(B) I[f] + 24K(W + K)?pi(T \ L (1))

Proof. Set B = % and use Theorem 3.1 to split the derivative of the dissipation functional
into two parts as

dI[f]
—— =] I
T 1+ 12,
where the factors read
I =K (@ — KRsin(0 — ¢) — (o' — KRsin(6' — $)))°

Lj@)xLj (@)xRxR
xcos(f —0) f(t,0,w) f(t,0,0)dOdO dwdw’,

L=- (0 — KRsin(0 — §) — (@ — KRsin(6' — )))’

K
ﬁ(TxT)\@;(nxL;(n))
xRxR

x cos(0 —0) f(t,0,w) f(t,0',0')dOdO' dw dw'.

On the one hand, it is clear that

I < —K cos(§) (0 = KRsin(0 — ¢) — (' — KRsin(0' - $)))’
Ly @)xLy ()xRxR

x f(t,0,w)f(t.0,0)d0d0" dow do’

= —K cos(B) (0 — KRsin(0 — ¢) — (&' — KRsin(6' — ¢)))’
T2xR2

x f(t.0.0) f(t.0,0)d0 d0' dw de’

+ K cos(B) |, (0 — KRsin(0 — ¢) — (&' — KRsin(6' — ¢)))’

(TXT\L OXLE ©)
xRxR
x f(t,0,0) f(t,0,0)d0d0 dodw'

=:I11 + 112, (3.22)

where in the second identity we have added and subtracted the second term in order to
complete an integral in T2 x R2. Indeed, notice that doing so and using (1.16) we get

I11 = —K cos(B) (@ — KRsin(§ — ¢) — (o' — KR sin(0" — ¢)))2
T2xR2

x f(t,0,0) f(t,0,0)d0do dodw'

- —2Kcos(,3)/T (@ KRsin(® - $)>2f df dw = —2K cos(B) I[f].
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Here, we have used the cancellation of the crossed term after we expand the square appear-
ing in the first factor. Let us call I3 = 15 + I, and notice that

Iy <2K (0 — KRsin(0 — ¢) — (o' — KRsin(6 — ¢)))*

(TXT)\(LFOXLF (1)
xRxR

x f(t,0,0)f(t,0,0)d0d0 dowdw'.

In other words, we achieved the estimate

dI[f]
dt

Our last goal is to estimate the remainder /3. Define the following time-dependent sets:

< =2Kcos(B) I[f]+ Is. (3.23)

Ay = L;(z) x (T '\ L;(z)) xR xR,
Ar = (T \ L;(z)) X L;(r) xR xR,
Az = (T \L;(t)) x (T \L;(x)) x T x R.
Since we have ((T x T) \ (Lg(t) X L;(t))) xR xR = A; U A, U A3, then we can
split 73 as
I3 < I31 + 132 + 133,
where the integrals take the form

I3 :=2K (a) — KRsin(0 — ¢) — (0’ — KR sin(0' — ¢)))
Aj

x f(t,0,0) (.0, 0)d0 do’ dw de’

for every i = 1, 2, 3. Changing variables we observe that I3; = I3,. Then we can focus
on estimating /37 and /33 only. Notice that the integrand can be bounded as

((w — KRsin(6 — $)) — (@' — KRsin(8' — $)))> < 4(W + K)2.
Then we obtain
I1(t) < SK(W + K)2p, (T \ L (1))

for every t+ > 0. Exactly the same argument allows /33 to be estimated and an identical
bound to be obtained. Putting everything together into (3.23) finishes the proof. ]

Now we can apply the phase concentration estimate in Lemma 1.1 and Gronwall’s
lemma in order to derive the desired quantitative estimate on the decay rate of the dissipa-
tion.

Corollary 3.4. Assume that fq is contained in C'(T x R) and g is compactly supported
in [—W, W] and centered (i.e., (1.16)). Consider the unique global-in-time classical solu-
tion f = f(t,0,w) to (1.2). Then there is a universal constant C such that if

14
— < CRg.
K
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there exists a time Ty with the property that

Ty <

|
lo (1 — w2 )
o1+ o+ WAl

and
I/  K2em 0 KT

Sorall t in [Ty, 00).

Proof. Let us adjust C small enough so that we meet the hypotheses of Lemma 1.1. Then
there exists such a time 7 so that

pt (T \ LT () < Me™mK(=T0)
for every ¢ > Ty and some universal constant M. This along with Corollary 3.3 implies
d
dt I[f] < —2K cos(B) I[f] + 24K(W + K)>Me~2K¢=T0)

for any ¢t > Tj. Integrating the inequality, we obtain

2
24K(W + K) M (6_%(t_TO) _ e—ZKcos(ﬂ)(t—To))
2K cos(B) — %K

S W+ K)Pe 50T < k2350,

I1fi] < Il fp)e 2Keos®=To) 4

where in the second inequality we have used that

I[fr] = (W + K)?,

by definition (2.1), and in the last inequality we have used the hypothesis on % ]

Using the transportation—dissipation inequality in Corollary 3.2 and the above expo-
nential decay of the dissipation in Corollary 3.4 we obtain the following result.

Corollary 3.5. Assume that the hypotheses in Corollary 3.4 hold true. Then
Wag(fio f3) < e 00 KET0) _ o= igKG=T0)
foreverys >t > Ty.
We are now ready to conclude the proof of the main theorem of this paper.

Proof of Theorem 1.1.

Step 1: Convergence. By the above Corollary 3.5, the net (f;);>o verifies the Cauchy
condition in the metric space (IPg(T x R), W, ). Notice that it is a complete metric
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space. Consequently, there exists some probability measure fo, € Pg (T x R) such that
Wa ¢ (ft, foo) = 0 as t — oo. Taking limits in the inequality in Corollary 3.5 as s — oo
yields

Wag (fis foo) S €0 KCTTO (324)

for every t > Ty, and using the order relation in Proposition 3.2 between the standard
quadratic Wasserstein distance and the fibered quadratic Wasserstein distance concludes
the exponential convergence in Theorem 1.1.

Step 2: Uniqueness of the equilibrium. Notice that, in particular, f is an equilibrium
of the Kuramoto—Sakaguchi equation (1.2) and the asymptotic concentration estimate in
Lemma 1.1 guarantees that

<

w|
oS

diam(suppy foo) < B =
Hence, by Proposition 3.3 it is unique up to phase shifts. ]

Remark 3.4. As we advanced in Remark 1.2, a large coupling strength condition like
(1.20) is necessary for the relaxation towards global equilibrium in Theorem 1.1 but also
appears in the particle system (1.1). To briefly illustrate it, consider the simpler case of
two oscillators with phases 61, 6, and natural frequencies w1, w, with w; # w,. Define
0 := 6, — 0, and w := w, — w1 and use (1.1) to derive the following equation for P(¢) :=
cos(6(1)):

dP

== V1 —PZ(K«/I —Pz—a)sgné) for every ¢ in [0, c0).

Here, 6 stands for the representative of 0 in (—m, 7] modulo 2. Let us assume that the
solution converges to a phase locked state. By [29, Theorem 3.1], it amounts to saying that
there are finitely many collisions along the lifespan of the solution. Hence, after account-
ing for the last collision time 0 < T, < oo, we obtain the Riccati-type equation

dpP

%
== KvV1— Pz(«/l —p2_ f) for every  in [To, 00), (3.25)

where W = |w|. Under the assumption % < 1 guaranteeing existence of equilibria of

(1.1), equation (3.25) exhibits four different critical points. By direct inspection, one
observes that a necessary condition for convergence towards a phase locked state is that
P(Tp) is above the second critical point. In particular, if 0 < r(Tp) < \% that condition

amounts to ’

e < 4r(T(1 —r(Ty)?)

This shows that a condition along the lines of (1.20) is necessary for relaxation towards
the global equilibrium. However, we do not claim optimality in the exponent in (1.20) and
it may be improved.
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Remark 3.5. Similarly, as discussed in Remark 1.2, the time 7y in Theorem 1.1 that is
required for the solution to enter the concentration regime can become infinitely large for
Ry near zero. This also appears in the particle system (1.1). Again, we illustrate a simple
example consisting of two oscillators with phases 6, 6, and frequencies w1, w, at nearly
antipodal initial configurations. Borrowing the above notation from Remark 3.4 we find

% =w— Ksinf foreveryt in [0, 00).

For simplicity, we assume @ > 0 and w < K so that there are exactly two equilibria 07 :=
arcsin(w/K) and 6~ := m — arcsin(w/ K). Finally, we set the initial datum 6y := 0~ — ¢
for small & > 0. Note that 87 is stable and 6~ is unstable, so that 8(¢) must converge
to the stable equilibrium as ¢ — oo. However, we claim that the transient of time that is
required for the solution to enter the concentration regime can be infinitely large if ¢ ~ 0.

Step 1: Transient to the interval (67, Z). Notice that since 0y € (0T, 07), then 0(¢) is
strictly decreasing. Hence, we have 0(¢) € (97, 8] for all ¢ > 0, and

do

— < w — K sin(bp),

I = w sin(6p)

whenever 6(t) stays in [7, ) by monotonicity of the right-hand side. Therefore, a clear
continuity argument shows that 0(t;) € (97, Z) precisely at time f, = (6 — 2/
(K sin(6p) — w). We remark that ¢, blows up as ¢ — 0, so that the closer the initial con-
figuration to the unstable equilibrium with antipodal mass, the longer the transient.

Step 2: Exponential concentration. Since 0(t) is strictly decreasing, then 0(¢) € (67,
0(t¢)] for all ¢ > .. Noting that (;) < %, we obtain

d
E(Q(t) —6%) = —K (sin(6(1)) — sin(9+)) < —K cos(8(t:))(0(t) —67)
for any ¢ > ¢, (by the mean value theorem), and we conclude by Gronwall’s lemma.

3.3. Semiconcavity, entropy production estimate, and lower bounds in the order
parameter

In this part we quantify the entropy production principle that was anticipated in Sec-
tion 2.1. As a by-product, in Corollary 3.6 we will obtain a universal lower bound on
the order parameter, as discussed in Section 2.2.

Lemma 3.2 (Semiconcavity and entropy production). Assume that fo is contained in
C (T x R) and that g is compactly supported in [-W, W). Consider the unique global-
in-time classical solution f = f(t,0,w) to (1.2). Let & = 7/6, to be a positive time, and
A be contained in (0, 1). Additionally, suppose that

: K
V2Ro > R(to) > ARy and R(ty) > Z/PRS cos?().
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Then there exists a universal constant C such that if

w

then we can find a time d > 0 such that

666

% = CA*R§. (3.26)

1
R2(to + d) = R*(10) = 754" K5, (3.27)

3
R < ERO in [l(),l() + d]
Moreover, we can choose d so that

d <

Jog 10.
R, &

Before we begin the proof of Lemma 3.2, we will need a relation between the time
derivative of the order parameter and the dissipation (2.9). That is the content of the fol-

lowing lemma.

Lemma 3.3. Assume that fq is contained in C'(T x R) and that g is compactly sup-
ported in [—W, W]. Consider the unique global-in-time classical solution f = f(t,0, )

of (1.2). Then the inequality

I[f]-W? < K%(Rz) <3I[fi]+W? (3.28)

holds for every t in [0, 00).
Proof. By (2.2) we have

%%KRZ _ _/ KRsin(8 — ¢)(@ — KRsin(0 — ¢)) f dO do

= I[f] —/a)(w — KRsin(0 — ¢)) f d dw.

Consequently, by Young’s inequality, we obtain

%%KRZ < I[f]+%/(w—KRsin(@—dﬂ)zfdew—i-%/wzfdew
and
%%KRZ2I[f]—%/(w—KRsin(@—qb))zfdew—%/wzfdedw.

Hence, the desired result follows.

Now we are ready to prove our entropy production estimate.
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Proof of Lemma 3.2. Without loss of generality, we can assume that

1
3KR,

3
R<3Ry in [to,to + log 10]. (3.29)
Otherwise, if this condition fails for some s in the above interval, then we set d = s — t¢
and (3.27) would follow. Thanks to the inequalities (3.5) and (3.28), we arrive at the

estimate
dR? - Ilf] w?

dt = K K
I[ft0]€73KR0(t7to) W2

>
- K K
2 2 2

> l(fdi _ K)e—yﬂ?o(t—to) _ 4
— K\3 dt lt=t 3 K

2 . e
= ZR(to)R(¢ —3KRo(t—t9) _

3 (fo)R(t0)e 3K

K 4W?
> EA3R3R(IO) Cosz(a)e_3KR°(t_’°) YR

Let us integrate the above inequality on the interval [tg, o + d] for some d in [0,

ﬁ log 10), which we will choose appropriately after the calculations below. By doing

this and using (3.29), we deduce that

1 AW?
Rz(lo + d) — RZ(IQ) > E/’V‘RS COSZ(OK)[I — €_3KR0d] — 3?(1

Thus, by choosing d = 3Kl—&) log 10, we obtain

2

K2R,

1 4
R(ty +d) — R*(ty) > %A4R3 cos? () — 5 log 10.

Consequently, by selecting C appropriately in (3.26) we conclude that
1
R?(to +d) — R*(ty) > i)v‘Rg cos?(a).

Hence, since @ = 7/6 the desired result follows. n

Before showing the lower bound in the order parameter, we will need control in its
angular velocity in the small dissipation regime. We achieve this in the following lemma.

Lemma 3.4. Assume that fq is contained in C'(T x R) and that g is compactly sup-
ported in [-W, W]. Consider the unique global-in-time classical solution f = f(t,0, »)

to (1.2). Then we have
. 1 [/ d
< —4/K—R%2 4+ W2,
] = R dt +
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Proof. By (2.2), and Jensen’s inequality, we have
R|p| < / |cos(f —@)(w — KRsin(0 — ¢))|f df dw

< / l(w — KRsin(0 — ¢))| f d6 dw

< (/ (@ — KRsin(0 — ¢))|> f d6 da))2

where in the last inequality, we have used (3.28). Thus, the desired result follows. [

We will derive a global lower bound on the order parameter as an application of the
entropy production estimate (3.2). To achieve this, we consider the following lemma,
which controls the rate at which the order parameter can decrease.

Lemma 3.5 (Rate of decrease and mass monotonicity). Let A be contained in (2/3, 1),
and assume that fy is contained C'(T x R) and that g is compactly supported in
[=W, W]. Consider the unique global-in-time classical solution f = f(t,0,w) to (1.2).
Additionally, let y be a positive number in (7/6, w/2), and let « be as specified in Sec-
tion 2. Then we have

d KR? cos? 2W?2 R 1 + si
L cos*(y) (1 _ __ 3 —|—'sm(y) f()(;)) (3.30)
dt 2 KZR?cos?(y) sin(y) sin(y)
and
d . _ w 2R 1 w2 +
Ef(xa)§4K <+ ﬁ+ﬁﬁ—Rcos(a) (3.31)
forallt > 0.
Moreover, suppose that R(ty) < 0, R(ty) > Ry,
. KA,SRB 2 1—A
R < %(a) infto.to +d] and cos®*(y) = z Ro

for non-negative numbers d and ty. Then there exists a universal constant C such that if

< C(1—A)A%R3, (3.32)

ol

then
d K cos?(y) 3 3
—R?2> — R34 [ARo + =(1 = MRy |R? — =(1 — M)A%R3 3.33
a7~ 2sin(y) ( +[ R Gt 0] ;-4 3) 633

in [to, to + d]. Consequently,

R> ARy in [lo,lo +d).
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Proof. We divide the proof into the following steps:

Step 1: Derivation of estimate (3.31). Recall that y, (0) = &,(0 — ¢ — ), with &, as
defined in (2.6). Then, by direct computation, we have

d _ d
G =5 | a@-p-mrdode
:/ £(0—¢ — m)w— KRsin(d — ¢) — ¢]f dO do
TxR

< fUEDIW + 1] + KR/T RS&(G —¢—m)sin(0 —¢p —n)fdbdo
< fUEDIW + || — KR cos(a)]

< f(léé,l)[W + %,/MR%R + W2 — KR cos(a)].

Notice that in the last inequality we have used Lemma 3.4 in order to estimate |¢| and the
only thing that remains to show is the bound on the second term in the third line. Firstly,
the support of £, (6 — ¢ — 7) consists of ST U S~ where the sets stand for

3 3 1
D U S |
¢+2 oz¢+2 a+2

S = [¢+%+a—%,¢+%+a].
Since €},(6 — ¢ — ) is non-increasing in S and non-decreasing in S, we then obtain
feSt=¢E,(0—¢—m) <0and sin(d — ¢ — ) > cos(a),
0eS =E,(0—¢—m)>0and sin(f —¢ — ) < —cos(a).
Consequently,

£,(0 —¢ —m)sin(f — ¢ — 7) < —[5,(0 — ¢ — 7)| cos(a)
forall ® € ST U S, thus yielding the aforementioned bound. Hence, (3.31) follows.

Step 2: Derivation of estimate (3.30). By the first equation in (2.2), we obtain the follow-
ing lower bound on R:
Kd , . .
——R"=— KRsin(0 — ¢)(w — KRsin(0 — ¢)) f dO dw
2 dt TxR

> / (KRsin(0 — ¢))* f db dw — / w(KRsin(0 — ¢)) f db dw
T xR

v

1 ) 5 w?
E/TXR(KRsm(G—@) fdea)—T

2

SKR cos” () f(T \ (L () U Ly 1) — -

v
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Then we obtain

2
ST\ (Ly () UL, (1) < R ! 4 p2 i (3.34)

Sy - R A—
cos2(y) dt + K2 R2 cos?(y)

Additionally, using a similar argument on (1.15), where we split the integral into the sec-
tors L;,r, L;, and T \ (Lj U L;), allows the following lower bound to be obtained:

R = sin(y) f(Ly) —sin(y) f(T \ (L} U Ly)) = f(L)
= sin(y) (1 = f(L;) = f(T \(L; U Ly)) —sin(y) f(T \ (L} U L))~ f(L)
= sin(y) — 2sin(y) f(T \ (L, U L})) — (1 +sin(y)) f (L))

] _ 1 d w2 . _
> sin(y) — 2 s1n(y)(male2 + m) — (1 +sin(y)) f(L,).

Here, we have used the estimate (3.34) in the last inequality. Then (3.30) follows.

Step 3: Upper bound on f(L}). Let us first achieve a lower bound on f (L;,F ). To this
end, we use a similar procedure and reverse the inequalities that we considered in the
preceding step. Specifically, notice that a similar split in (1.15) allows us to obtain

R < f(Ly) +sin(y) f(T \ (Ly U L})) —sin(y) f(L;)
= f(L) +sinyf(T\ (L U L) = sin()(1 = f(L}) = f(T\ (L} UL;))
= (1+sin() /(L) +2sin() f(T \ (L U L;)) = sin(y).
In particular, we obtain the lower bound

R 2sin(y)
1 +sin(y) 1+ sin(y)

sin(y)
1 +sin(y)’

fLy) = FTN\(Ly ULY) +

Hence, we obtain the upper bound

FLy) =1—f(Ly) = f(T\(Ly ULY))
sin(y) R 1 — sin(y)
1+ sin(y) 1+ sin(y) 1+ sin(y)
1 R

< — .
~ 1+sin(y) 14 sin(y)

AT\ (Ly ULY))

(3.35)

Notice that since R(f9) < 0 we can select C appropriately in (3.32) to guarantee that

v, \/ ) R eos(@)

K KR(to) = R(to)? K2

w [ 1 W2
< ? 4+ R_gﬁ — )\.R() COS(O[) < 0. (336)
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Then estimate (3.31) implies
d
— () <0.
il T <

By continuity and inequalities (3.31) and (3.36), f (), )(¢) remains non-increasing along
[to, o + &] for small enough § > 0. Hence, we obtain

SLY)@) = fxe) )
= f(xe)(t0)
< f(Ly)(0) + f(T\ (Ly U L}))(t0)
R S () e
~ 1+sin(y) 1+sin(y)  K2R2(t) cos?(y)

for all ¢ in [fg, to + &]. Here, we have used estimates (3.34) and (3.35) along with the
hypothesis R(#p) < 0.

(3.37)

Step 4: Derivation of (3.33) and lower bound on R in [ty, ty + 8]. Putting the last estimate
(3.37) and (3.30) together, we obtain the differential inequality

dR? - KR? cos?(y) 2sin(y)W? 1 + sin(y)W? ]

[R(t0)— R~ (1= sin(y)) -

dt —  2sin(y) K2cos2(y)R? K2 cos?(y)R2(to)
K 2
K oS0 [ k3 1 b(io) R — et0)] (3.38)
2sin(y)
for all ¢ in [tg, o + §]. Here, the coefficients read
2W?2
b(to) := R(ty) — cos?(y) — ,
(1) = R() —c08*() = s
2W?2
ly) ' = —————.
¢(to) KZcos?(y)

Notice that in the last inequality in (3.38) we have used
1 —sin(y) < cos?(y), sin(y) <1, and 1+ sin(y) <2.

By making C smaller if necessary in (3.32) we can guarantee that

)
b(to) = R(to) — COSZ(V) - K2R2(1y) Cosz(y)

(=2, W2 1
0 K2 R3(1—-2)

> Ro—

201
5

= ARy + (1 —A)Ro —

> R(to) —

20-4)
5

3
= AR + Z(1=MRo.
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Arguing in a similar way and making C smaller if necessary in (3.32), we can guarantee

that
2W?2

K2 cos?(y)
o WNz 10
(%) om

(1—)A2R2.

c(ty) =

=

| W

Consequently, we have

d e K cos?(y)

3 3
— —-R3 Ro+=(1=M)Ro|R?>—==(1 = M)A*R?
ai ” 2sin(y) [+ [2 ot50-4 o] AL ;]

in [to, to + §]. Since ARy is the biggest root of the polynomial
3 3
P(r) = =1 + [ARo + Z(1 = DR |r? = Z(1 = MA?R},

we obtain the desired lower bound R > ARy in [y, o + §] by an elementary continuity
argument (we can see that ARy is the biggest root of p from the inequality p(0) < 0 and
the fact that A is contained in (2/3, 1) implies that p’(ARp) < 0)).

Step 5: Propagation of (3.33) and the lower bound on R in [ty, to + d]. The main idea is

supported by a continuity method. We proceed by contradiction. Specifically, define the

time

K cos?(y)
2 sin(y)

and assume that #* < 79 + d. Notice that, by definition, it implies

d
fe = inf{t € (to+8.00+d]: TR < p(R)},

%R2 > KZCSZ’TS;E’)/);)(R) for all t € [to, 14].
In particular, by the same ideas as in Step 4, we have

R(t) = ARy forallz € [tg, t4].
By (3.31) and the fact that

B < KA3R3 cos? ()

in [to, t d],
< 1 in [tg, to + d|]

making C smaller in (3.32) if necessary, we can guarantee that

w + \/ZR(Z) + L w — R(t) cos(@)

K KR(1) ' R(1)? K2

/4 A2R2 cos? 1 w2
<—+4 \/ o Cos*(@) — ARpcos(e) <0 (3.39)

- K 2 A2R2 K2
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for all ¢ in [to, ¢«]. In particular, by (3.31) and continuity we have f(j,) is non-increasing
in [tg, 2« + 6«] and some small enough 6, > 0. Hence, we can repeat the train of thought in
Step 4 to extend the upper bound on f(x;,)(?) in (3.37) to the larger interval [fo, fx + 8x].
Again, the same ideas as in Step 4 imply that

d e K cos?(y)

— > R f 11t € [ty, ¢ O4],
dt 2sin(y) p(R) fora lfo, tx + 3]

and it contradicts the definition of 7. [

We close this section by showing that we can obtain a universal lower bound on the
order parameter. That is the objective of the following corollary.

Corollary 3.6 (Universal lower bound on R). Suppose that 1 — A is contained in
(0, Rg/120). Then there exists a universal constant C such that if

T < CR0 MRS, (3.40)

then we have
R > ARy

for every t in [0, 00).

Proof. We begin by choosing C small enough so that it can be taken simultaneously as
the corresponding universal constants in Lemmas 3.2 and 3.5. In addition, we claim that
either of the following two conditions holds:

(i) We have R < KA3R3 cos?(a)/4 in [0, 00).
(i1) There exist a time ¢* and an increasing and strictly positive universal function 7,
satisfying R > AR in [0,7*] and R(*)*> > R} + h(Ro).
We divide the proof of the corollary into two steps, the second of which is the proof of the
claim.

Step 1: We show how the claim implies the corollary. To see this, we use the following
iterative argument based on the fact that R is bounded and the system is autonomous.
If condition (ii) of the claim holds, we use the fact that the system is autonomous in
time to translate the initial condition of the system to be the configuration at ¢*. Since by
assumption the value of the order parameter at * is bigger than Ry we are free to apply
the claim again with the same value of C to the corresponding shifted initial condition.
We can do this iteratively as many time as needed, provided that condition (ii) still holds
after the time translation.

To conclude this step, note that since R is bounded and the function /4 is positive
and increasing, then condition (ii) can hold consecutively after each time translation only
a finite number of times. Hence, after finitely many time shifts, condition (i) will hold.
Finally, once condition (i) holds, the global lower bound follows by applying Lemma 3.5.
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Step 2: We show the claim. For this purpose suppose that (i) does not hold, that is, the set

A3 RS cosZ (o) }

{t=0:R(t) > K==

is not empty. To show that (ii) holds in this case, let us consider the smallest time #; such
that R(t1) > KA®R3 cos?(r)/4. Now let 1, denote the biggest time bigger than or equal
to 71, such that R > KA3 R} cos?(a)/4 in [t1, £2). Notice that the finiteness of  follows
from the boundedness of R. Now, observe that, by definition of #;, Lemma 3.5 implies
that R > ARy in [0, t1]. Moreover, by construction,

. 23 R3 cos2
R > K%(a) in [l],lz].
Consequently, R > R(t;) > ARy in [t1, t2]. Now we consider two cases:
Case 1: R(t;) < \/ERO. In this case, observe that Lemma 3.2 implies that we can find
a constant ¢ such that
4

A
R? — R%(t,) = —R3.
(2 +d) (72) 20 %0

Consequently, by our assumptions on A, we have

A4
R(tr + d)? = R(t2)* + 4—0R3

A4
> A2R2 + ERg

A4
> B3+ 3R — (1-22)R3

5
> R2 + (%Ro 21— A))R%

1
R2 + —R2.
> Ko+ 3400
Here, on the third line, we have used the fact that A* > 9/10.
Thus, the desired result follows by setting t* = ¢, + d and

73

h(r) = 270"
Case 2: R(tz) > V2Ry. In this case, we obtain
R3
R(t2)* — Ry > R} > 2700.

Hence, the desired result holds for t* = ¢,. [
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4. Instability of antipodal equilibria and sliding norms
We now start implementing the program outlined in Sections 2.3 and 2.4. To do this, we

first derive inequalities (2.7) and (2.10).

Proposition 4.1 (Instability of antipodal equilibria). Assume that fy is contained in
CY(T x R) and g is compactly supported in [-W, W]. Consider the unique global-in-
time classical solution [ = f(t,0,w) to (1.2) and let o be as specified in Section 2. Then
we have

d
T2z (1) = —KRsin@) £2(17 (1))

S [W 2R 1 W2 +
+4Kf (T)[E + KR + B Rcos(a)]
and P
57 /2(T) < KRf(T). “.1)

Moreover, with hypothesis (3.32) and notation from Lemma 3.5, if [t1, t5] is a time interval

such that 303 )
. A°R
R< KM in 11, 1], 4.2)

then we have
& 2L = —KARysin(e) Ly 1) in[1.a] “3)

Proof. We begin with the first inequality in the proposition. Arguing as in Step 1 of the
proof of Lemma 3.5 we obtain

% X0 —¢ +m)frdodo
=[¢X;’(9—¢+n)f2d9dw+2/X;(9—¢+n)fa,fd9dw
= /[d» + 2w —2KRsin(0 — )|y, (0 —d +7) f2d6 dw
+2/X;(9—¢+n)[w—1<1esin(9—¢)]fagfd9dw
< [16+0 - KRsin® = $)127'6 ~ ¢ + )7 d6 do
— / x50 — ¢ + m)KRsin(e) f2db dw. (4.4)

The first inequality in the proposition follows from Lemma 3.4 and the same arguments
as in Step 1 from Lemma 3.5. Inequality (4.1) follows from similar arguments to those of
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(4.4) by replacing y, with the constant function that is equal to 1 in T. Finally, to derive
inequality (4.3), recalling the notation introduced in Section 2.3, replacing y, with y, .
in (4.4), and arguing as in Step 1 from Lemma 3.5 we get

d
Efz()(;,e(f)) < —KRsin(@) 2 (fq, (1))

w 2R 1 w2 +
2
+ KCep f (T)[? + KR + R Rcos(oz)i| .
Now we observe that, as in (3.39), the second term of the above inequality vanishes on the
interval [t1, t;]. Consequently, such a term is independent of ¢ and thus (4.3) follows by

letting ¢ — O. ]

A form of the above lemma was one of the main tools used to derive the main result
in [31]. However, to obtain our convergence rates, we work with a sliding version of the
L? norm. Such sliding norms allow us to propagate the above estimate along the flow of
the continuity equation. This technique turns out to be one of the crucial components in
our arguments in Section 5.

Lemma 4.1 (Sliding norms). Assume that fy is contained in C'(T x R) and g is com-
pactly supported. Consider the unique global-in-time classical solution f = f(t,0, ) to
(1.2). Then, for any measurable set A, we have

d
gr/ A < KR( swp eon(®- $(1) £ (As).

Proof. By the change of variable theorem, we have

d1 , d
Lo dfdo = =
dr 2 Ato,,f YT

= /I;ﬁ((ato,t(e?a))»w)
X [3tf(®t0,t(9»w),w) + ®t0,t(9, w)aef((@z(),m(@,w)vw)]39®m,z dfdw

1
_/ft2(®tot(9’60),w)3e®t0,d@da)
1=to2 J4q ’ ’

— %KR/ cos(0, (0, w) — )9Oy, , f* db dw
A
= [ F(@uu6.0).0)[-ba(f ~ KRsin(©14(6.0) = 9).f)
+ (@ — KR sin(Oy ¢ (6, 0) — ¢))3g (O, (8, ®). ) ]09O1,,¢ dO dw
+ %KR / c0s(0, 1 (0, w) — ¢) f209Oy,, dO dw
A
_ %KR / c0s(Ory.1 (6, @) — §) £2(0, )9 ry.1 dO doo,
A

where for ¢ and each w, dg®y, ; (-, @) denotes the Jacobian of the map 0 — O, (0, w).
Hence, the desired result follows. [
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To make full use of the above control, we need to understand the dynamics of the
Lagrangian flow associated with the continuity equation. That is the objective of the next
part.

4.1. Emergence of attractors

In this section we will show the emergence of time-dependent sets that will act as attractors
along the characteristic flow. Such sets, in combination with our analysis on sliding norms
in the previous section, will allow us to propagate information between the different parts
of the system.

Before showing the emergence of attractor sets, we state the following lemma, which
we will repeatedly use throughout the rest of the paper. Additionally, in this part we will
use the notation introduced in Section 2.4.

Lemma 4.2 (Emergence of invariant sets). Assume that fq is contained in C'(T x R),
g has compact support in [—W, W], and consider the unique global-in-time classical
solution f = f(t,0,w) to (1.2). Let ty > 0 be an initial time in [0, 00) and L C T be an
interval. Now assume that initially we have

pto(L)>m and p= O,igr/lgL cos(f —0")

for some positive numbers m and p in (0, 1). Additionally, suppose that

w2 _(1-p)o?

mp—(1—-—m)>0c and %z = 1 (4.5)
for some o > 0. Then, if we set
P(r)= inf 6 —0"),
P(r) e cos( )
the following bounds hold true:
p(Ltg,e) = m, (4.6)
inf Rcos(0 —¢) >mP — (1 —m), 4.7
BEL,O,[
and )
Koy 4 W
1—P(@) < max((l —ple 4 (t=to) a_zﬁ) 4.8)

for every t in [tg, 00)
Proof. The proof of (4.8) is based on a continuity method argument that holds under
condition (4.5). The argument is based on inequalities (4.6), (4.7), and

dp -7 W
- _ p2 i _ -
= 2KV1-P [R(gelzlfo’tcos(Q ¢>)) . K] forallz > 1o, (4.9)
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which hold when

P = cos(O;¢(0, w) — Oy, (6, 0")) (4.10)
for any s > fy such that ¢ > s, and any couple of points (6, w) and (6’, ®’) contained in
Lyys X [-W, W].

We will first prove inequality (4.8) and will prove the remaining inequalities after-
wards. Indeed, let us define ¢’ as the supremum of the set of times t* > ¢ty such that
inequality (4.8) holds, for every ¢ in [tg, 2*]. We begin by noting that, by continuity,

4 w2
7x)
Now we must prove that there exists § > 0 such that (4.8) holds in [tg, ' + §]. More
precisely, our goal is to show that there exists a uniform time § > 0 such that for any pair
of characteristics starting at L, ,» X [—W, W] we have that the corresponding P (given by
(4.10)) satisfies that 1 — P is bounded by the right-hand side of (4.8) in [¢/, ¢’ + §].

To do this, let s = ¢’ in the definition of P. Now observe that by (4.7) and (4.9), when
t = t', we have

Tl 22K TPLR( ot eonto )5 - ]

>2K/1 —PZ[[mg —a —m)],/¥ - %]

22K«/1+P[%§o(1—P)—%J1—P]. 4.11)

1—P(t) = max((l P G

Here, all the time-dependent expressions are evaluated at t = ¢’. Additionally, in the last
inequality, we have used our assumption that (4.8) holds on the interval [¢o, t'], which
together with (4.5) implies the uniform lower bound p < P. Now let (6, w) and (6', w’)
be any couple of points contained in L, ,» x [-W, W] such that the corresponding P
satisfies

& iW—z). 4.12)

1—P({t)=1-P() = max((l —pe O, =
Note that since L is compact, then L, , x [-W, W] is compact as well. Thus, the set of
such pairs (0, w) and (6’, ®") in Ly, »» whose corresponding P (obtained via (4.10)) satis-
fies (4.12) is a compact set as well. We will denote such a set by P C Ly, x [-W, W] x
Ly x [-W, W]. To continue our proof observe that by using assumption (4.12), we get

o 1—P(l’)>W

2 - K
for any couple of characteristics in &> and, consequently, by (4.11) we obtain
d 2 1—P(
27|, (1= P)= 2KV + P[%o(l —P)— W]
t=t’

< —%Ka(l _P(t)
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2 o (41 4 W2
—ZKo(l—p)e” i Z T <1 P(),

< 5 02 K2
4 W2 _ ,

Since the right-hand side of the above inequality is uniform in the set of pairs in J# and
the set & is compact, we can find ¢ > 0 such that if # is an e-neighborhood of J, then
we have

d
o, (1= cos(Or(6.0) = Oy (6", )
1
< —gKU((l — P(t")
K O (4! 4 W2
__O'(l — p)e_KT(t —19) lf—— <1— B([/)’
4 0?2 K2
- 4.13)
4 w? )
" gz =12

for any (0, ), (', ®") in P.. This implies the existence of § and thus concludes the conti-
nuity method argument. Indeed, for characteristics with initial data in J#, the existence of
the time interval [¢’, ¢’ 4 §) follows by the fact that the inequality in (4.13) is strict and uni-
form in %,. Similarly, for characteristics in (L, X [=W, W] X L4y 0 X [=W, W])\ Pe,
the existence of the uniform time § follows by the fact that the characteristics have uni-
formly bounded speed and ¢ provides a uniform separation distance.

(Indeed, by continuity and compactness, we can find a uniform time neighborhood
of ¢/, in which the infimum for P is attained in P /2, and we have already shown the
existence of § in such a case.)

Hence, to complete the proof of the lemma it suffices to derive inequalities (4.6), (4.7),
and (4.9). We achieve this in the following steps:

Step 1: Proofs of inequalities (4.6) and (4.7). Inequality (4.6) follows from the fact that
the continuity equation preserves the mass of sets along the characteristic flow. To derive
inequality (4.7) we observe that

inf Rcos(0 —¢) = inf <ei9, / ¢ ' do’ d9/>

OEL,O,, HGLIO,,

> inf /cos(@—@’)f'd@’da)’

0€Lyy

> inf [/ cos( —0') f' dt d’
eeL,O,; (LX[—W,W])toJ

n / cos(6 — ) f' db’ da)’]
TXR\(LX[-W, W]y«
>mP — (1—m). (4.14)

This completes Step 1.
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Step 2: Proof of inequality (4.9). To obtain (4.9) let us fix ¢ in [ty, 00), and let (6, w) and
(6, ") be contained in L x [—W, W]. Additionally, let us set

O(s) := Oy 5(0,w) and O'(s) := Oy (0", @').
Then

cos(® — @) = —sin(® — O) (O — O)

s=t

ds

—sin(® — ') ((w — ) — KR(sin(® — ¢) — sin(®’ — ¢)))

- - ks p)an( 2]
—2c0s<® _2 ®/>[(a) — ) sin(® _2 6/)

—2KRCOS(® +8 —¢) sin2(®_2®/)]

2
-0 0+ 06 1 —cos(® — Q)
> 4KRcos( 5 )|:cos( 5 —¢) 5
W [1—cos(® —0©)
-y —=, 4.15
KR 2 :| (4.15)

where we have used several standard trigonometric formulas. Now, notice that

Oyt (0, @) + Oy (0", @)

2
since it is a convex combination of two points in L, ;. Thus, when s = £, (4.9) follows
by standard trigonometric identities. In the case when s is contained in [to, f] we can

easily derive (4.9) by the same argument and the semigroup property of the characteristic
flow. ]

is contained in L,

As a first application of the above lemma, we quantify below the first time that the
system forms an attractor.

Lemma 4.3 (First invariant set). Assume that fq is contained in C'(T x R) and g has
compact support in [—W, W]. Consider the unique global-in-time classical solution to
(1.2), f = f(t,0,w), and let us set an angle 0 < y < % so that

1
2
= —Ry. 4.16
cos“(y) 30 o (4.16)
Then we can find a universal constant C such that if
w
% = CRZ, 4.17)

there exists then a positive time T_ satisfying that

1

T, <—.
INKRS

(4.18)
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and the bounds

1+ 2Ry
p(LF(T-1)0) = —25 , (4.19)
. 3
inf  Rcos(6 —¢) > =Ry, (4.20)
feLy (T-1) 5
and :
inf cos(d —0')>1——Ry 4.21)
0,6’eL} (T-1); 15
hold true for every t in [T_1, 00).
Proof. Define the time
. . KR}
T, = mf{t >0:R< 4_302}, (4.22)

and note that by construction, (4.18) follows from the fact that R is bounded by 1 and the
fundamental theorem of calculus.

The proof of the remaining parts of the lemma will follow directly from an applica-
tion of Lemma 4.2 by setting L = L;,"(Tfl) and ¢t9 = T-;. To verify the corresponding
hypotheses, first, we begin by controlling the mass in L;f (T-1). Indeed, dividing the inte-
gral (1.15) in the definition of R into three parts L;,r, Ly, and T \ (L;,r U L)), we obtain
the inequality

R<(1+ sin(y))p(L;,r) —sin(y) + 2sin(y)p(T \ (L;,r ULY)). (4.23)
Consequently, using (3.34) to control p(T \ (L;,r U L})), we deduce that

R + sin(y) B 2 sin(y)

+ Y
PLy) 2 ey~ Txsing) P\ Gy VYD)
. 1 d . w2
“17 sin(y) [R - sin(y) _Z(KR2 cosz(y)ER T xR cosz(y))]

1 , 2R w2
1 + sin(y) [R + 1+ (sin(y) = 1) = 2(KR cos2(y) + K2R? COSZ()/))]

for any ¢ > 0. Then, evaluating the above expression at ¢ = T_1, using the fact that by
construction R(7—-1) > Ry, and selecting C < 1/30 in (4.17), we deduce that

| ' 2R(T-y) W
p(LF(T-1)) = E[RO 1+ GinG) =1 - 2<KR coszl(y) K?R? COSZ()/)>]

Ry (302R(T_1) 30 w2 )]

1
Ro+1—-22-2 =
[ 0 30 KR2 ' Ro K2R2

>

2
>1(1+4R) (4.24)
=95 0]}, .
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where we have used the fact that 1 — sin(y) < 1 —sin(y2) = cos?(y) = %. Second, we
estimate the infimum of the cosine of the difference of angles in L; (T-1), that is,

inf  cos(8 — 6') = cos(r —2y) = cos(2(% ~ 7))
0,0’eL (T—1) 2

1
- 20052(% - )/) —1=26in’(y) — 1 = 1= =Ro. (425)

Finally, considering Lemma 4.2 with m = p(L;,“(T_l)) and p = cos(mw — 2y), and using
the bounds in (4.24) and (4.25), we obtain

mp — (1 —m) > : +2% (1 — %Ro) + (%2_ )
SIDRSPRE IR

Thus, the desired result follows by applying Lemma 4.2 with o = %RO and noticing that
the hypothesis in (4.5) follows by the assumption (4.17) after we take C small enough. m

In the next corollary we will explain in which sense the sets whose formation we have
shown above have an attractive property. Before stating that, we will need the following
notation:

Definition 4.1. Given positive times 7y < t;, we will define the new time-dependent inter-
val in [t1, 00), which will be a dynamic neighborhood of L;r(to) 11> as follows. First, we
define

(Lf(to)r)e :={0 €T : infgee + (), ©08(0 — 0%) = 1 — €}

for any € in [Ro/15, 1). Second, using the notation in Section 2.4, for any ¢ > #; we will
denote the 6-projection of the image of (L;,r (t0)+, )e under the characteristic flow, that is,
Ot (L3 (t0)1))e X [=W, W1), by (L (20)s,)e.c. When 1y is clear from the context, we
will avoid referring to it in the above notation.

Now we are ready to state the corollary.

Corollary 4.1 (Emergence of attractor sets). Consider non-negative times t > t; > T_;
and let € = Ro/15. Then there exists a universal constant C such that if

w
X < CR}, (4.26)
then .
14+ ZRp
P((L (T-Dn)es) =2 —5— (4.27)
1
inf Rcos(0 — ¢) > ERO, (4.28)

QE(L;— (T— )t1 et
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and 1
inf cos(f —0)>1— =Ry (4.29)
0.0'€(Ly (T-)i) e 3

hold true for every t in [t1, 00).

Proof. We will show how to select C appropriately at the end of the proof. For the
moment, let us make it small enough so that we can use Lemma 4.3. The proof will fol-
low directly from Lemma 4.2 by setting L := L;,F(T_l),l,e. To verify the corresponding
hypotheses, first we begin by controlling the mass in L. Indeed, by Lemma 4.3 we have

1+%R0

P(LI(T-D)ie) = p(LF(T-1)1) = (4.30)

Second, we estimate the infimum over the cosine of the difference of the angles in
L3} (T-1) 4 e. For this purpose let § be contained in L.} (7-1),. Then, for any 6 and 6" in
(LF (T-1)1,)e> we have

cos(8 —0') =cos(f —0 + 6 — 6"
= cos(# — ) cos(8’ — 0) — sin(8 — 0) sin(8’ — H)

I L P PR
> I _ _ I
—[ 15 0] [ [ 15 OH
>2[1 IR]Z 1>1-1g

sl 15 0 - 3 0-

Thus, since 6 and 6’ were arbitrary, we deduce that

1
inf cos(f —0') > 1— =Ry. 4.31)

0,0'€Ly (T-1)i e 3

4
Finally, considering m = # and p =1— %RO and using the bounds in (4.30) and
(4.31), we obtain
1 4+ 4R 1 4Ry _
Semz SR ) - (B
mp—(1—m)z — SRo) + (=

>1(8R IR 4R2>
AU R TR

1,24-5—-4 1
> —(—)RO = —Ro.

2 15 2
Therefore, the desired result follows by choosing C appropriately in (4.26) so that (4.5)
holds and applying Lemma 4.2 with 0 = %. ]

4.2. Control of L2 norms outside the attractors

In the next lemma, we derive an estimate that we will use in Section 5. The estimate shows
that if the entropy production vanishes over sufficiently long intervals of time, then the L2
norm of the solution in T \(L;,|r (T-1)¢)e will begin to decrease exponentially.
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Lemma 4.4. Let [t1, t3] be a time interval in [T_1, 00), such that
% A3 R3 cos?(a)
4

with o as specified in Section 2. Assume that € = Ry /15 and A is contained in (2/3, 1).
Then there exists a universal constant C and some § > 0 such that if

R < and R <2Ro¢ in [l],lz],

w
% < CA’R3(1—Q) and ty—1t; > 6, (4.32)
then we have
(t—t1—8) Ry sin(a)
H(T\(LF(T-1)e)e) < f2(Ly (1) eKOSR—TH=RE) L LS b (433)
14 o

Moreover, we can choose § so that

5 < 1 sin(o) ) 1 434)
og —. .
~ KARgcos?(a) KARy g Ry

Proof. We will show how to select C appropriately at the end of the proof. For the
moment, let us make it small enough that we can use Lemmas 3.5 and 4.3. The proof is
based on Lemma 3.5, Proposition 4.1, Lemma 4.3, and the following differential inequal-
ities:

iB > K)&Ro\/l — BZ(\/l — P2 400_5(“)) in[t1, 5] N {|P| < sin(a)},
izt 1 5 (4.35)
S(1= P) = = sin(@) KARo(1 = P) infs, 1] N {P < 1-52}.

These inequalities hold when P = cos(©,;(0, w) — ¢) for any r and for any 0 satisfying
cos(f — ¢(r)) = —sin(e) in [t1, 1], and when P = cos(®, ;(0, w) — Or_, ;(0’, ")) for
any r’ in [t1, ;] and any 6 and 6’ such that cos(6 — ¢ (r’)) > sin(«) and 6’ is contained in
L;,* (T-1). Here, w and @' are contained in [—-W, W].

We claim that the inequalities imply that there exists § > 0 satisfying (4.34) such that

T\(L;_(T—l)s)e C L;(S —8)s

for any s in [t; + 6, t;]. Here, we are using the notation introduced in Section 2.4 and in
Definition 4.1. We divide the proof into three steps, the second of which will be the proof
of the claim:

Step 1: We show that the claim implies (4.33). To achieve this let s be contained in [t +
8, t;]. Then, using Lemma 3.5 and Proposition 4.1, on the interval [¢;, s — §] we obtain

8—11) KR sin(e)
- E—

FAL7(s - 8) < f2Lg(1))e K=

Consequently, once the claim is proven, the lemma would follow by the above inequality
and Lemma 4.1.
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Step 2: We show how the inequalities in (4.35) imply the claim. Consider a time r con-
tained in [t1, #; — §]. Since we are assuming that P (r) = — sin(«), the first inequality in
(4.35) implies that there exists § > 0 such that

d K AR cos?
EB > —O;OS @ in [r,r + 4]

In particular, we can find § such that the above property holds, P (r + §) = sin«, and

10«
§< —n——.
=~ KARgcos?(x)

By the definition of P this implies that
T\L (s) C Lo (s = 8)s

for any s in [ty + 8, 2]. To derive this implication, we have set s = r + §. Consequently, if
we let 0 be any element T\ L, (s — §)s and we set v’ = r + § in the definition of P then,
by Lemma 4.3 and construction, we have P(r’) > —1. Moreover, by integrating the second
inequality in (4.35) we have that we can find § > 0 such that P (s+68+ §)>1-— % and

5 < sin(a) o 1

~ KR, SRy
Thus, by the construction of P we obtain
TN\ (T-1),4515)e € T\LG ( +8), 1545
Consequently, the claim follows by selecting s = r +§ + 8 and § = § + 6.
Step 3: We derive (4.35). Let us denote
0 =0,,0,0), ©=0,,0,0), and O =0Or (0 0).

To derive the first inequality, observe that thanks to Lemma 3.4 and our assumption on R,
we can select the constant in (4.32) appropriately so that we can guarantee that

d .
77 8@ —¢) = —sin(@ — $(1))(© — ¢)
= —sin(@ — ¢)(® — KRsin(© — ¢) — ¢)

> —|sin(® —¢)|(%,/K%R2 + W2+ W — KR|sin(® — ¢)|)

> |sin(@ —¢)|(KR| sin(® — ¢)| — M)‘

Here, in the third inequality, we have used Lemma 3.4. Consequently, P satisfies the
inequality

d 4 cos(a)
i _ p2 _p2_
TP = KARyy/T=P?(VT—P ).
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Thus, the first inequality in (4.35) follows. Finally, to derive the second inequality we use
the same argument as in the derivation of (4.9) to obtain

Lzl—f > 2K@[Rcos(@ _; o —¢) % - %] in [f1,72].

Now, using the same arguments as in the proof of inequality (4.35) and equation (4.20),
we obtain

©+06 (©—¢)+(© -9¢)
cos( - ¢> = cos( )
2 2
- cos(® — ¢) + cos(®’ — ¢)
- 2
. é .
- sin(e) + 2 Ro - sin(a) '
- 2 -2
Here, we have used the fact that the first inequality in (4.35) implies that cos(® — ¢) >
sin() in [/, t2]. Thus, we deduce that whenever 1 — P > Ry/15, we have

d—PZZKm ARQSII’I(Q) 1—P_K
dt 2 V 2 K

>2K1 + P[?AROSin(a)(l —P)— %vl - P:|.

Consequently, by choosing C appropriately in (4.32) so that

ARy si R
—vl— CR2 %(a)( - P) wheneverl—P>1—g

we can guarantee that

d KAR R
—P = O(I—P) whenever P < 1 — —2.,
dt 5
Hence, the desired result follows. .

We close this section with a lemma that will allow us to control the L? norm of the
solution in T \(Lj (T-1)¢)e in the intervals of high entropy production.

Lemma 4.5. Let [t1, t2] be a time interval contained in [T—y, 00) with the property that
R <2Ry inlt1,1].
Then we have
SALG @) = S2(TNLS (To)r)e )RR in [11, 1],

Proof. This lemma follows directly from Lemma 4.1 and Corollary 4.1. |
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5. Average entropy production via differential inequalities

In this section we analyze the system of inequalities presented in Section 2.5 and derived
in Sections 3.3 and 4. We will demonstrate that this system provides enough control to
quantify the time Ty presented in Theorem 1.1. With this control in hand, we are able to
conclude the proof of Lemma 1.1, by quantifying the phase concentration phenomenon.
We begin by describing a subdivision of the interval [0, Tp] inspired by the treatment in
[19].

5.1. The subdivision

Since this section is lengthy, we will first sketch the various steps and we will discuss their
role in the final quantification of Tj. For clarity of the presentation, we also describe the
use of the main results developed in Sections 3.3 and 4 in each step of the proof.

Step A: Building the subdivision. In Section 5.1.1 we will build the time subdivision of
[0, To]. It will consist of a family of maximal time intervals, which we classify as good
or bad depending on whether the dissipation of the system stays above or below a certain
threshold. For technical reasons (which will improve our estimate on 7j), the intervals of
our subdivision will be subordinated to an initial division according to the different scales
of values of the order parameter. Namely, we will first divide the life span according to
the times when R? doubles its value, yielding a “dyadic” hierarchy of intervals. Our final
subdivision will consist in splitting each element of the dyadic hierarchy into good and
bad subintervals. For later use, the threshold will be prescribed by the entropy production
principle in Lemma 3.2 and the instability estimate of antipodal equilibria in Proposition
4.1, and it will depend on the specific scale of the order parameter in between the various
doubling times.

Step B: Initial time of the subdivision. In Section 5.1.2 we will estimate the size of the
first time 7o of the subdivision. For the machinery in Section 4 to work, we will prescribe
1o as the first time of formation of an attractor, according to Corollary 4.1. Then it will be
crucial to quantify the size of this first time #¢. This will be the main objective of this step.

Step C: Gain vs loss on R. In Section 5.1.3 we will quantify the balance between the gain
on the order parameter along any good interval, and the eventual loss of order parameter
along any bad interval. To this end, we will exploit the entropy production principle in
Lemma 3.2 along good intervals, and the universal lower bound in Corollary 3.6 along
bad intervals. This control will be useful in the following Steps D and E.

Step D: Total number of good intervals. In Section 5.1.4 we will estimate an upper bound
on the total number of good intervals. We note that, by definition, after any bad interval
there must exist a good interval, so that the total number of bad intervals automatically
gets controlled by the total number of good intervals. This step requires sharp knowledge
of the gain vs loss of order parameter in Step C.
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Step E: Total length of good intervals. In Section 5.1.5 we will quantify the total length
of all good intervals. To this end, we will use the information that, by the definition of
good interval, the slope of the order parameter must stay above the threshold. This step
will exploit again the precise balance obtained in Step C.

Step F: Control of f*(T \ (L;f(to),)e). In Section 5.1.6 we will quantify a time-depen-
dent barrier which will serve as an upper bound for the evolution of the L2 norm outside
the attractor set. To this end, we will exploit the quantification in Section 4.2 for the
growth/decay of such a quantity along the various intervals of the subdivision. Specifically,
along long bad intervals we use the exponential decay estimate in Lemma 4.4. Otherwise,
if intervals are good, or bad and short, we use the growth estimate in Lemma 4.5. Note that
we do not know a priori the distribution of good and bad (either long or short) intervals.
However, it is clear that the worst situation is the one where all the early bad intervals are
short, since it does not allow for intermediate fall-off of the barrier.

Once we have all the above information, in Section 5.2 we will conclude the quantifi-
cation of Ty and the phase-concentration estimate in Lemma 1.1. Note that Ty comes as
the total length of the time intervals with a growing contribution in the above barrier for
F2(T \ (L;,"(lo) ¢)e). In other words, we require a precise control on ¢y, the total length
of good intervals, and bad and short intervals, which we know by Steps B, D, and E.
After such a Ty, the barrier decreases exponentially fast, which implies exponential phase
concentration thanks to Jensen’s inequality.

5.1.1. Defining the intervals of the subdivision. Here, we give the precise construction
of our subdivision. Before we enter into details, we will introduce further notation that we
will use throughout this part.

The dyadic hierarchy. Let us consider an auxiliary time partition into subintervals
[7%, rt+1) whose endpoints are enumerated in the sequence {ry }ren. The partition will
be used in this part and is set according to the dyadic behavior of the square of the order
parameter R%. Namely, the sequence provides the first times at which R? doubles its value.
To this end, let us set Ry = R(0) and ry = 0. Additionally, assume that Ry and r are
given for certain k € N and let us define

Ry, =2R; and riyq:=inf{t > re: R*(t) = 2R, = Rp,}. (5.1
Since R is bounded by 1, then the sequence consists of finitely many terms
O=ro<ry <--<rg, <Tg,41 = 00.
Here and throughout this section, we will assume that

cos? ()

Ry, 5.2)

with C small enough that all the results in Sections 3.3 and 4 hold (note that our assump-
tion on A implies the lower bound A > 179/180 and thus we can suppress A from the
previous constraints on the universal constant C).

w
E5CR3 and 1-21<
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Now, let us set

1 1 1 1
= —23R3 cos (). dj = log10, and & := 1 (—) 53
e = A REcos (@), di = p-log and 8 = gp-log( =) 53)

Observe that (5.2) implies % < CA%(1 — A)R;‘; for any k = 0, ..., ks, with the same
universal constant C. In particular, we can use Lemma 3.5 to obtain

R(t) > ARy foralltin [rg, rrs1). 5.4)

Initial time of the subdivision. Let us use Lemma 4.3 to define the corresponding times
of formation of attractors. That is, we set

TF = inf{t > re : 2R < KQOR}), (5.5

where k = 0,..., ks« and Q is chosen so that we meet condition (4.22) when one applies
Lemma 4.3 after translating the system in time. Here, for each k, we select the time trans-
lation so that the configuration of the system at time r is the new initial condition (recall
that, by the definition of r, we can use Lemma 4.3 with the same universal constant C).
Then we define

to :=min{T* 1k =0,... k} (5.6)

and
ko 1= max{k € Z(—)i_ I < l()}.

Notice that since #y is the first time in the subdivision, Lemma 4.3 and Corollary 4.1 will
apply at any later step. Thus, we will obtain a controlled behavior of the characteristic
flow close to the attractor set (L;,Ir (to)¢)e- Here, and throughout the rest of this section, we
will choose y by the condition .

cos?y = %Rko-
We have done so according to condition (4.16).

5.7

The subdivision. Subordinated to the “dyadic” sequence {ri }]]i*zo, we will construct the
sequence of times {#;};cn describing the subdivision in the following way. We start at the
time 7o specified in Lemma 5.1. Assume that for some / in N the time #; is given and
let us proceed with the construction of ;4. First, consider the only k() in {0, ..., k«}
such that #; is contained in [rg (), 7k(7)+1)- Then we will distinguish between two different
situations:

(H) If R(tl) < Ktk (), then we set
ti41 = sup{t € [t re@y+1) : R(s) < Kpay Vs € [t1.9)}. (5.8)
2) If R(t;) > K@), then we first compute

f141 2= sup{t € [t riy+1) © R(s) = Ky Vs € [17.9)} (5.9)
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and set #;4; via the following correction:

fie1 +deay i G+ diqy < TGy 15

fipr = 0] . O] 0] (5.10)
Tk(l)+1 otherwise.

The good and the bad sets. We can think of the intervals [z, #;41) obeying the above
first item as bad sets as they are subject to “small” slope of the order parameter. On the
contrary, those sets obeying the second item can be thought of as good sets, as they involve
“large” slope of the order parameter in comparison with the critical value K (). The
critical value itself depends on the size of Rl%(l) in the above dyadic hierarchy as depicted
in (5.3). For this reason, we will collect all the indices / of good and bad sets associated
to the index k of the dyadic hierarchy as follows:

G :={l € Z§ :1; € [rg. rk+1) and R(1) > K},

. (5.11)
By :={l € Z§ : 1; € [rk.re+1) and R(1;) < K jug ),

for every k = 0, ..., k«. Equivalently, we will say that [t;, ;1) is of type Gy if | € G
and it is of #rype By if [ € By. For notational purposes, we will denote their sizes as

= #Gy,
8k k (5.12)
bk = #Bk,
forevery k = 0,..., k.. Notice that as a consequence of definition (5.11), after any inter-

val of type By whose closure is properly contained in [rg, rg+1) there is an interval of
type G. The reverse statement is not necessarily true. Namely, notice that for any / in
G, we need first to compute the interval [z, 7;1) according to (5.9) and later we extend
it into the interval of type Gy [f;, t;+1). Unfortunately, the slope R can both grow or
decrease in [f;+1, ;1) and we then lose the control of what is next: either a Gy or By set.
Nevertheless, this is enough to show that

br <gr+1 forallk =0,..., k. (5.13)

Of course, by definition, go = -+ = gg,—1 = 0. The size of gi for k = ko, ..., ks will be
estimated in Lemma 5.3. Finally, for notational simplicity, we will sometimes enumerate
the indices in G in an increasing manner, namely,

sz{lr]fl:mzl,...,gk}»

where {l,’ﬁl}lfmfgk is an increasing sequence foreach k = 0, ..., k..

5.1.2. Bound of the size of #9. By Lemma 4.3 we have that each T¥, can be estimated via
(4.18). However, we will show that our dyadic choice allows us to get a sharper estimate
of #9. More specifically, the cubic exponent for Ry in (4.18) can be relaxed to a quadratic
one. This is the content of the following lemma.
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Lemma 5.1 (Bound of #y). Let ty be defined as above and suppose condition (5.2) holds.

Then we have {

fo S —.
KR?

Proof. By construction, it is clear that kg < k.. By the fundamental theorem of calculus
and the definition of #,, we obtain

Tt

R(ris) — R(rg) = / CR()dt > KOR (resr — i)

Tk

and
to .
R(to) — R(r,) = /k R(t)dt = KQR (to — rx,).
0
for any k =0, ..., ko — 1. Here, we have used the fact that ry <1y < Tfl for every

k=0,...,ko. By estimate (5.6) and the definition of Tfl in (5.5) we can control the time
derivative of the order parameter in the above integrals. Using the dyadic definition of ry
we arrive at the bounds

(R(rk1) —R(rg)) _ 1 Q

T —rr < <= 5.14
k+1 k= Q KR]% i) KRI% ( )
and
R(ty) — R 1
o — gy < QRO =R 1 0 515)
KRkO 2 KRk0
for any k =0, ..., ko — 1. To conclude the proof of the lemma, we represent #y via a
telescopic sum
k()—l kO
1 Q 1\% 0
fo =1to — Tk, + Z(rkH_rk)SEKRZ Z(E) = KRZ: ]
k=0 ko k=0 0

5.1.3. Gain vsloss. In the forthcoming parts, we compare the growth of the order param-
eter R along intervals of type G with its loss on intervals of type Bj. To do this precisely,
for each k in {ko, ..., k«}, we have to give special consideration to the last interval of the
subdivision in each [rg, r¢41). We will denote such terminal intervals by [t;). f1k)+1) in
such a way that #;(x) is in [rg, rk4+1) and f;)+1 = 7x+1. We will use the ideas in Corol-
lary 3.6. In the following lemma, we will see that assumption (5.2) implies that the loss in
R? is smaller than 4/5 of the gain (except for possibly the terminal interval i)ty +1))-

Lemma 5.2 (Gain vs loss). Assume that condition (5.2) holds. Then we have
R? R? <42 R2( <R R?
(1) = R2(11+1) = (R 40) = R ) = 2 (R2(14) — R2()

for any | in By and any l,’fl in G\l (k).
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Proof. Thanks to Corollary 3.6 and Lemma 3.2 we have
R*(t1) = R*(t141) < (1= A*)R*(1) < 4(1 = MR}
and
- 1
Rty 1) — R*(fge ) = Ex“R,i.
In particular, our thesis holds true as long as one checks the inequality

1
41— Q) < —A*R;.
( )_50 k

The inequality is true due to our choice of A. Here we have used the fact that « = 7/6 and
condition (5.2) implies that A > 179/180. |

5.1.4. Number of intervals of type Gi. Our objective here is to obtain an estimate of
the numbers gy for k = ko, ..., k«. Recall that due to (5.13), this will yield a control on
the number of sets of type By.

Lemma 5.3 (Bound on gk). Assume that condition (5.2) holds. Then we have
(b ) < _1
max y N .
k> 8k R

Proof. To prove this, recall that by Lemma 3.2, we have

A4R3
> (RP(t41) - R*(1)) = (gk — X{l(k)eGk})Tk~ (5.16)
=G\l (k)

Thus, Lemma 5.2 implies
4p3
ATRy

> (R2(t41) — R @) = —gk—;

leBy

(5.17)

Taking the sum of both the oscillations at good and bad sets, we recover a telescopic sum
involving the evaluation of R? at the largest and smallest of the times #; in [r, Fgi1).
Recall that by construction, the oscillation of R? in [f1%) tigk)+1) s positive, indepen-
dently of whether /(k) is in By or Gi. By doing this, we obtain

\

gk 1
SZEARE — = Xtecr RE-

2 2 p2
Ry — 4 Rz 200t B~ 10

Hence, we deduce the bound

2002 — A2)R?

(5.18)
Ry

8k =

Here, we have used the fact that assumption (5.2) implies that A > 179/180. Hence, the
desired result follows. ]
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5.1.5. Sum of lengths of intervals of type G. In this section we control the total diam-
eter of the intervals in G. To do this we will consider the sets ék and ék. The set Gok is
obtained by deleting the biggest element from Gy, if the last interval in [rg, 7x1) is of type
Gp.. Otherwise, we let Gok = Gy. On the other hand, the set By is obtaining by deleting
the last element in By in the case where the intervals in [rg, r¢41) do not end with two
or more intervals of type G. Otherwise, we let l%k = By. Now, we are ready to state our
control.

Lemma 5.4. The sum of the lengths of the intervals [tlr];l gk 1] satisfies

8k 1
Z(tl,’z“ —4) S KR,%'

m=1

Proof. Let us first bound the length of each time interval [tl,’il Sk +1) of type Gy form =
1,..., gr. Notice that, as defined in (5.10), we have the identity

Wy =tk = (fl,’ﬁ-i-l _tlrlﬁ) + d. (5.19)

Our next goal is to estimate the first term. To this end, we will use the idea in Lemma 5.3
and the fundamental theorem of calculus to write

. i L33 2, =
R(tl,’;,+1) — R(tl,’;,) = , R(t)dt > ZKA R;, cos (ox)(tl';;lJrl — tl,’z)
/13
forallm =1, ..., gx. Here, we have used (5.9) to bound the time derivative of R. Hence,
we obtain 4
kg — Lk =< m(lalh]ﬁﬁl) — R(tlrlﬁl)) (5.20)
forallm =1,..., gr. By summing over all the intervals of type Gok we obtain
Y G —0)
lEGok
< S (R - R@)
T KA3R} cos?(a) 4 i+ !
lGGk
4 ~
= ————>— Y _[(R(41) = Rtp)) — (R(t41) — RG11)]. (521

o

KA3R3 cos? (o)
leGy

Let us add and subtract from the first term in (5.21) the oscillations of R over all the
sets of type ﬁk. Notice that after doing so the first term becomes a telescopic sum of
evaluations of R at points #; in [rg, ry+1) and it can be easily bounded by the oscillation
of R between the largest and smallest #; that lie in [rg, rg41). In turn, it can be easily
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bounded by Ry 1 — ARy due to the definition of 741 in (5.1) and the lower bound on the
order parameter given by (5.4). Then we obtain

Z ({141 —11)
leGok
.+
~ KA3R; cos?(w)
4
KA3R} cos? ()

(Ri41 — ARy)

[Z(R(n) R + Z(R(tm)—R(nﬂ))] (5:22)

lGGk

Our goal is to show that the term in the third line is non-positive. Indeed, let us use Lem-
mas 3.2 and 5.2 in the second term of (5.22) to obtain

. 42— 1) 4
- R - R
21 =) = g @) Seor@KnRE 2 R ~ RGs)
leGy lEGk
42-21)
~ KA3RZ cos?(ar)

Hence, by Lemmas 3.2 and 5.3 and (5.19) we deduce that

8k
D (tgyy —t) < dige i~ + Z(ll+1 —1) 5

‘ KRZ’
m= 16y

where we have used (5.20) and our usual bound on the oscillation to control the difference
(f,k — t;x ). Thus, the desired result follows. ]
g +1 8k

5.1.6. Growthof f2(T\ (L;'(to)t)e). Our goal here is to control the growth of f2(T \
(Lj,’ (t0)¢)) in each interval [rg, ry41), where the parameter € of the neighborhood is set
once for all as

Ry

€= —.

15
Notice that € has been set so that the attractive property in Corollary 4.1 holds true. To
initialize the iterative method, we need to control f2(T \ (L;,F(to),)e) att = to. Hence,

we begin by providing a control of the growth of f,?(T) during the transient [0, zo].

Lemma 5.5. Assume condition (5.2) holds. Then we have

40
2 2,5
/512 = I follze o

Proof. Thanks to Proposition 4.1 we obtain

1 full2 < ||fo||§exp(1< /0 " RGs) ds).



On the trend to global equilibrium for Kuramoto oscillators 695

Then the main objective is to estimate the time integral of the order parameter. To that
end, observe that

ko—1
/ R(s)ds = Z/ R(s)ds+/ R(s) ds
0 rko
ko—1
< Z Ri+1(rk+1 — 1) + Rg+1(to — rip)
k=0

ko ko
1 /V2\k 40
<0 - 0Y g (9) = 4%
KR; = KRy \ 2 KR
Notice that we have used (5.14) and (5.15) to estimate the lengths of the intervals

[k, k+1)- Hence, the desired result follows. [ ]

Let us now begin our study of the primary goal of this section. To do this, let us
introduce the following notation that we will use in this part. Define the parameters

gk
Dy := max(bg, gx) (O + di) + Z(%H — k) (5.23)

=1
for any k = ko, ..., k«. Notice that its size can be controlled in the following way due to

Lemmas 5.3 and 5.4 and the values in (5.3):
D<1+1[11<1)+1] l1(1+1) (5.24)
e —_— 0 — .
kR TR LKRe H\R) T KR Y kB2 BV T Ry

Let us also introduce the following sequence of functions { Fi }i*: ko We proceed by induc-
tion. For k = kg, we define

49
Fo () e | I0l3ET ¢ R (1=10) for ¢ € [fo, fo + Dy,
ko = 40 Ry, sin(e)
||f0||§€ Ro ezKRkODkO e—K 0

(t—t0—Dyy) fort € [ZO + Dko,rk0+1).

Assume that Fj_; is given in the interval [ry_q, r¢) and let us define Fj in the interval
[7k, Fk+1) through the formula

Folt) Fie_y (rye)e*KRit=i0 fort € [rg, rx + Dgl,

k 1) .= Ry, sin(a)
Fk,l(rk)eZKRkae_ka(’_’k_Dk) fort € [ry + Dk, rr+1)-

Lemma 5.6. Assume condition (5.2) holds; then we have

- log(1+ -
Fi(0) < || foll2e 80 2 F R 1 € [rg, risn),

for some universal constant B and for each k = kg, . .., kx«.
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Proof. By definition, we note that
Fi(1) < Foy (r)e® ®Px forall 1 € [re, rgy1)
and for every k = kg + 1..., k«. Also, notice that by construction we have
2 ¥ SKR. D
Fioo(rig+1) < || foll5e Ro e ko Tk,
Then a simple induction shows that

k k
40 4
mnﬂm&%ﬂf“ﬁ=wmm%£+2pmw0.<mw
q=ko q=ko

Finally, let us use the bound (5.24) on the above sum to achieve

k kR 1 1 1\ & V2
2 2KDgRy 5 ), Klgg IOg(l + R_q) ~ KRy 1°g<1 + R_o) > (T) '

q=ko qa=ko q=ko

Hence, the desired result follows. n

The sequence { Fy, }i": ko has been constructed as a barrier in order to control the map
t — f2(T\ (L;,r (to)r)e) at each interval [rg, rr41). We achieve this in the following
theorem. This theorem is the main result in this section. As a by-product, we will derive
Corollary 5.1 below and we will prove Lemma 1.1.

Theorem 5.1. Assume that condition (5.2) holds; then we have
ST\ (LS (t0)0)e) < Fie(t), t € [rie, k1)

foreachk = ky, ..., kx.

Proof. We proceed by induction:

Step 1: Base case (k = ko). Notice that the inequality is true at ¢ = f¢ thanks to Lemma
5.5. Letus now look at each of the intervals of type G, and By, and quantify the growth or
decay rate of f2(T \ (L;f(to),)e) via Lemmas 4.1, 4.4, and 4.5. Specifically, we will dis-
tinguish between three different scenarios for each interval [t;, #;1) with ; in [rg,, Fkg+1):

(1) If the interval is of type Gy, , then R(t;) > K ik, and Lemma 4.4 cannot be used
to quantify a decrease estimate of the L2 norm. Fortunately, we can at least use
Lemma 4.5 on the sliding L2 norm in combination with Corollary 4.1 to obtain

fz(Lo_z(t)) = fZ(T \ (L;_(tO)tl)e,t)
< f2(T\ (L] (t0))e)e* K Rro =)
< f2(T \ (L] (to)s,) e K Rko (11 =10)

forevery ¢ in [t7, t;41).
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(2) If the interval is of type By,, then there are two different possibilities: either
[t1,t;41) is small or it is large.

(@) If[t7,t141) is small (i.e., t741 — t; < 8k, ), then Lemma 4.4 cannot be used
either. Then we have to rely on a similar argument to that of type Gy, and it
implies

ALy () < FHT\ (L (t0)g)e) X Reo =10
< AT\ (L (t0)y)e) K Rhoko
for every ¢ in [t;,;41).

(b) Finally, if [t;, t741) is large (i.e., ;41 — t; > 8, ) then we can apply Lemma
4.4. Howeyver, notice that it can only be applied for ¢ in [t; + 0k, t7+1), and
in the remaining part of the interval [#;, #; 4+ Jx,) we can only apply the same
argument as before, supported by Lemma 4.1 about the sliding L? norm.
Specifically, for any ¢ in [t;, t; + 0x) Lemma 4.1 implies

FALZ () = f2HT\ (L] (t0)))e) e Ko Rio

Now, for any ¢ in [t; + 0k, t;+1), Lemmas 4.4 and 4.5 yield

-t —Sko )RkO sin(ar)
)

FAHTN\ (LS (t0)0)e) < £( Lo (1)K Rt~
S ftlz(T \ (L;”—(IO)II)E)EK(ZRkOSkO—W)

Bearing all these possibilities in mind, let us now show the inequality for Fy, in (fg,7xy+1)-
Fix any time ¢ in (fy, rx,+1) and consider the index

p = max{l eN:y §t}.

Then we will repeat the above classification at each [t7, #;4+1) with [ in {0,..., p — 1}
ending with [z, ¢). Also, let us split the indices of intervals of type By, into two parts
corresponding to small or large intervals as in the above discussion, namely,

S . .
Bko = {l € Bko iy — 1 < 8k0},
L . .
Bko = {l € Bko e — 1 > 8k0}'
Notice that we then have the disjoint union

S L
{0,....p =1} =Gy, p U Bko,p U Bko,p’

whereGkO,p:Gkoﬂ{O,...,p—l},B,fo,p:B,foﬂ{o,...,p—l},and

Bf , =B N{0,....p—1}
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By applying the above discussion in a recursive way, we obtain

S2(T N\ (LS (f0)s,)e)
Sftﬁ(T)eXP{ZRkOK[ Yt + Y Sk(,}
1€Giy,p IEBlfo,p
t — 17 — 6k R i
+ Y (2Rk08k0_(1+1 l 2"") k°sm(a))}. (5.26)
leBkLO’p

Similarly, for any ¢ in (¢, t, + 0k,) We have
ST\ (L (0)0)e)
< f2(T\ (L) (0),)e)
X eXP{2K Rk, [ (1p+1 = 1p) Xipetry) + ko Xpens y + ko Xipen )1}
< F2(T\ (L} (t0)ry)e)
X exp{2K Ri, [(tp+1 = 1p) X(peGyy} T ko X(peBiyt])- (5:27)
Thus, for any ¢ in [t, + 8k, . tp+1) We obtain
ST\ (L (0)0)e)
< f2(T\ (L) (t0),)e)

% exp{2KRiy [ (tp 41 = 1) Xipecig) + Sko Lipess,

(t —tp — 8k,) sin(@)
+(8k0 - » 4k )X{peglfo}]}
< ST\ (LY (0)1,)e)

X eXP{ZKRko [(fp+1 — 1p) XipeGry}  Sko X{peByy)

(t —tp — k) Ro sin(a)
_ o Tipe BkLO}]}. (5.28)

Putting (5.26), (5.27), and (5.28) together and recalling Dy in (5.23) implies

) Ry, sin(a)

JAT N\ (LY (t0)1)e) = fzﬁ(T)exp{ZKDko Rip— Y =

2
IEBkO,p
t —tp) Ry, sin(a
N e

where we have absorbed the d, in the last term into Dy, .
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On the other hand, notice that we can recover ¢ from the following telescopic sum:

p—1
t=t—tp+ Y (tr41—1) +1o
1=0
=10+ (=) XipeGry) + (=) XipeBey + 2, Wrr =)+ > (g1 —11)
lEGkO,p lGBkO,p
<to+ Dy + (=) Hipenry + 9 (1 —1).
IEBko,p
Consequently,

—(t = 1) XipeBigt — D (w1 — 1) < —(t —to — D),

leBko;P

which can be used to bound the last two terms in the above exponential of (5.29). Then
we obtain

SE(T\ (L (t0)1)e)
- ftﬁ(T)eZKDko fort € (tp,tp + Sky)s

= KR sin(x) (5.30)
{ fl%(r]r)€2KDk0_702 (t—to—DkO) fort e [lp + 8/(0’ tp-l—l)-

Notice that the worst situation is the one where there is no intermediate fall-off, that is,
BkLO = @. Since this scenario dominates all the other possibilities, we will restrict to it
without loss of generality. This amounts to the chain of inequalities

b+ =to+8+ Y. ri—t)+ Y. p—t)+ Y. (s1—1)

1€Gyy,p leBf leBE

ko.p ko.p
<to+ Y (41— 1)+ max(ge. )k < to + D,
1€Gy,
that is, #, + Sk, < to + Dx,, which leads to restating (5.30) as
ST\ (LS (t0)0)e)
JA(T)e*XKProReo for ¢ € (to, to + Di,),
ftg(T)eZKDkoRko_w(’_"’_[’ko) fort € [to + Dy, T'kg+1)-

Finally, use Lemma 5.5 to relate the L2 norm at ¢ = o and at ¢ = 0. Thus, we have shown
the claimed bound.

Step 2. Inductive hypothesis. Let us assume that for certain kg < k < k. we have

FAT N (LS (t0)e)e) < Fg(t), t € [rg.rq+1).

forany g < k.
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Step 3: Induction step. The proof for the index k becomes a simple consequence of the
inductive hypothesis where again we need to apply Lemmas 4.1, 4.4, and 4.5 repeatedly
in the spirit of Step 1 for the base step. ]

As a consequence of Theorem 5.1 we obtain the following corollary.

Corollary 5.1. Suppose assumption (5.2) holds. Then we have

1 1 1
1k S o log(1 W12 foll,)
Tk+1 =Tk S KR: Ro og{1+ — Ry + Il foll,
forany k < k.

Proof. Thanks to (5.24), we may assume without loss of generality that 1 — ry > Dy.
Now, observe that by Theorem 5.1 and (5.25) we have

2T\ (t0))e) < Fie(t)

Rksm(oz)
< 15le ( I )

q=ko
Rk sm(a)

o9 1
< ”fO”%eRO log(1+R0)e— (t—rx—Dy)

for every ¢ in [ry + Dy, ri+1) and some universal constant Q’. On the other hand, by
Jensen’s inequality we have

P(T\(L (10)0)e) < J4rWF2(T\(L] ()o)e)-
Consequently, if we let m(s) = 1 — p(T \Lj,' (to)s)e), using Theorem 5.1 we deduce that

[l R Sln(Ot)
1 —m(s) < zﬁnfonzezKRo 103(14‘%0)6— k (s—rg—Dy) (5.31)

for any s in [Dg + rg, rx+1]- On the other hand, by Lemmas 4.2, 4.3 and Corollary 4.1, if
we let

P() = inf cos(d — 6", (5.32)
G’O/E(L;(to)s)e,t
we have
1 16 W2
1= P(1) = max|  Rege™ R, 2 2]
()_max3ke RZ X2

for every ¢ in [s, rp41]. Additionally, using Lemmas 4.2, 4.3, and Corollary 4.1, if we let
L = (L (to)s)e we have

R(t)> inf R 6 —0
()_O,HI’IGILM cos( )

= m(s)P(t) — (1 —m(s))
= (1= (1 =m(s))) P(t) = (1 = m(s))
> P(1) = 2(1 —m(s))

Ry sin(a)
K—"5—

Q/
> 1= (1= P(0) — 4/TW 3| foll2e 2 = H R e (5.33)
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Now observe that, by construction,

V2

TER in [rk,rk+1).

Consequently, by (5.31) and (5.32), if we sett = ryyq and s = rgp 41 — %ko log ﬁ in
(5.33), and make C smaller within the constraints of (5.2) if necessary, we obtain

1 —logé
§Rk0 T0Rg .
’ Ry, sin(a)
aTW | follae o o A T kT D o o)
2
>1— % (5.34)
Thus,
Rk sm(a) «/5 1 1
4 WI/Z RO log(1+R ) - (rk+1—rKk—Dyg) > l— == — >
Val follz sz
for some universal constant Cj.
Hence,
log(OVEW | folla) + ok log(1+ o) + Dy 2
TR w0 - — T — Ik
KRy sin(a) ¢ oll2 KR Re sin(a) | Ro ko= Tt = Tk
Consequently, using (5.24) the desired result follows. ]
5.2. Proof of Lemma 1.1
We will prove the lemma by proving that
P(T\(L (to)s)er) < e~ 1oK@ E=To) (5.35)

and
(L (t0)s)es € L (1)

for every ¢ in [Ty, 00). Here,

8 1
§=t————log—.
KRy, 40Ry,
Additionally, recall that y was chosen in (5.7).
We begin by showing the first equation in (1.22). To do this, we control rg, via the

following telescopic sum and Corollary 5.1:

2
Tk, = lfo + Z Tk+1 =Tk
k=kg
1 N 1
< S (1 S Vs )
Sxmt Z KR 7 e+ 7 WPl
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kx«

s B st v

A

KR2 2/ KR}
1 1/2
< gz oe(1 + & WhL).

Consequently, by construction, to guarantee the first equation in (1.22) it suffices to take

1 1
e < Tp < lo (1 —ywe )
o STo s g lo8(1+ 0+ WAL

Indeed, recall that, by definition R(rg,) > NG /2, and consequently, by (5.4), we have

2 3
Ry > 2052
2 5
for every ¢ in [rg, , 00)
Now we proceed to show that we can guarantee the second equation in (1.22) by
selecting Ty within the desired constraints. To achieve this, we argue as in equations (5.33)

and (5.34) from the proof of Corollary 5.1, with

8 1
s =1— log s
KRy, 40Ry,
to obtain
2 4
p(T\(L;_(tO)S)E’Z) < 4\/;W1/2||f0”2€2R01 g(l+Ro)
sm(a)
y e_K (t—rky—Dpy— KRk log 40Rk ) (5.36)
and

1 —Jog -l — 9 oo(14 L
inf  cos(d —¢) > 1—=Ree SO — 4 TW 2| fol|2e2Fo 021 5)
(L7 (t0)s)es 3

sin(e)

% e—Ki(t Tk =Diu— KRk log 40Rk )’
(5.37)
for any ¢ in [rg, + Dg, + KR log 40R , 00).
Thus, since Ry, > V2/2, we see that choosing Ty in such a way that
1 tog(1+ — + W2 fol.)
KR2 Ry
4TW? "+16
KRy, sin(x) Ry, /120 2KR 40R,

+ rg, + Dg,, (5.38)
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we can guarantee that condition (5.35) holds for every ¢ in [Ty, 00). Indeed, by (5.36),
such a choice of T, together with Lemma 4.2 and Corollary 4.1, implies that

59
inf cos(f —¢) > — (5.39)
(L} (to)s)es ¢ 60

and

1 Ry, sin(a)
+ —K 2 (- T)
p(T\L (t0))es) < pype ™0 0,
for every ¢ in [Ty, 00). Consequently, the desired result follows from the fact that (5.39)

implies that (L} (f0)s)e,s C L; ().

6. Wasserstein stability and applications to the particle system

The main objective of this section is to prove Corollary 1.1. Before we proceed with the
proof, let us introduce some necessary tools and notation. Throughout this section, we will
set a probability density fy that belongs to C'! and will assume that g has compact support
in [—W, W]. Indeed, we will assume that fy, K, and W satisfy the hypotheses of Theorem
1.1. Also, we will consider the unique global-in-time classical solution ' = f(z, 6, w) to

(1.2).

Definition 6.1 (The random empirical measures). By the consistency theorem of Kol-
mogorov (see [56, Theorem 3.5]), let us consider a probability space (E, ¥, P) and set
some sequence of random variables for k € N,

(0x(0), w(0)): E —> T xR,
that are i.i.d. with law fy. For every N € N, let us consider the random variables

t > (O (1), 01(0)), ..., (OF (1), o (0))

solving the particle system (1.1) issued at the above random initial data. Then we define
the associated random empirical measures as

N
1
e = 286N oy (0 ©) 6.1)

i=1
for every t > 0.

The proof of Corollary 1.1 gathers three different tools:

* First, we will use our main Theorem 1.1, which quantifies the rate of convergence of
the solution f = f(t, 6, w) towards the global equilibrium f, ast — oc.

» Second, we require a concentration inequality to quantify the law of large numbers.
More specifically, we need to quantify the rate of convergence in probability P of ,LL(I)V
towards fp as the number of oscillators N tends to infinity.
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* Finally, in order to propagate the above quantification for larger times, we require
some stability estimate for the transportation distance between /Liv and f;.

Those tools will allow us to quantify a time in which a sufficient number of oscilla-
tors of the particle system is concentrated around a neighborhood of the support of the
global equilibrium f,. This, along with Lemma 4.2 (which also holds for the particle
system), will guarantee that the concentration property of oscillators propagates for larger
times. Additionally, we will derive the contraction of the diameter of the configuration of
oscillators. Before beginning the rigorous proof, let us elaborate on the concentration and
stability inequalities.

6.1. Wasserstein concentration inequality

It is apparent from the literature that the above random empirical measures uf)v in Defini-
tion 6.1 approximate the initial datum fy as N — oo. Specifically, by the strong law of
large numbers (see [55]) we obtain

N *
o — fo, P-as,

in the narrow topology of P(T x R) as N — oo. Unfortunately, this is not enough for our
purposes as we seek quantitative estimates for the rate of convergence. Such a quantitative
control is called concentration inequality and there have been many approaches to it in
the literature. Most of them require some special structure on the initial datum f; and the
sequence of random empirical measures MON ; see [6—8]. Specifically, some transportation—
entropy inequality is required. To the best of our knowledge, the first result with those
assumptions removed was recently introduced in [26]. In our particular setting, it reads as
follows.

Lemma 6.1. Let fy containedin P (T x R) be any probability measure with a distribution
of natural frequencies g = (74)# fo and assume that

&(g) = / e dg < oo. (6.2)
R

Take any sequence {(0x(0), wg (0))}ren of i.i.d. random variables with law fy and set the
random empirical measures p,év according to Definition 6.1. Then

P(Wz(uév, fo) > 8) < Cle—C2N£4

for every ¢ > 0 and N in N. Here, Cy and C, are two positive constants that do not
depend on either € or on N, but only depend on &(g).

Proof. Taked =2, p =2,y = 1,and 8 = 4 in [26, Theorem 2]. ]

In the above result, we used the classical quadratic Wasserstein distance W,, namely,

1/2
Wz(uév,fo)=( in /T 2 R2<d<0,9'>2+(w—w’>2)dy) .

yelud, fo)
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However, as discussed in Remark 3.2, such a distance is not appropriate for this problem
due to the fact that the standard quadratic distance on the product Riemannian manifold
T x R provides a cost functional which is not dimensionally correct. Indeed, we corrected
this situation by scaling w. Let us recall the scaled quadratic Wasserstein distance (see
Definition 3.2)

n2 1/2
WoulN. fo) = ( inf d6.0'7 + L=\, .
SWa(ug . fo) (yelllrzu,v)/qrzxﬂgz( (6,0 + K2 ) 14

Let us note that by scaling, we can adapt the above Lemma 6.1 to the right transportation
distance SW5. Specifically, let us consider the dilation with respect to w,

)
Dk (w) == — forw e R.
K (@) = &
Then we can define the following scaled objects:

fox :=(d® Dx)sfo and pu g = (1d® Dx)sp) .

Notice that fo x is contained in P(T x R) and the empirical measures ,uf)v g are iid.
variables with law fy k. Interestingly, we obtain the relation

SWa (g . fo) = Wa(ig k- fo.x)-
Then, applying Lemma 6.1 to the scaled objects, we obtain the following result.

Lemma 6.2. Let fy be a probability density in C'(T x R), and assume that the distri-
bution of natural frequencies g = (7)s fo has compact support in [-W, W] and that
condition (1.20) in Theorem 1.1 holds true. Take any sequence {(6x(0), wi(0))}ken of
i.i.d. random variables with law fy and set the random empirical measures ,uf)v according
to Definition 6.1. Then

P(SWa(1d . fo) = €) < Crexp(—CoNe) (6.3)

for every e > 0 and N in N. Here, Cy and C, are two positive universal constants.

Remark 6.1. Notice that, according to Lemma 6.1, the above C; and C;, only depend
upon & (gx) where g := Dgyg. Since g has compact support in [—W, W] we obtain

w
1 <&(gg) <ek*,

so that C; and C, will ultimately depend only on % However, under assumptions (1.20)
in Theorem 1.1, % is smaller than a universal constant. Consequently, & (gx) can be made
smaller than a universal constant arbitrarily close to 1. This justifies considering C; and
C, to be universal constants.
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6.2. Wasserstein stability estimate

The study of Wasserstein stability estimates or Dobrusin-type estimates for measure-
valued solutions to kinetic equations is a classical topic. Depending on the degree of
regularity of the interaction kernel, an appropriate transportation distance has to be con-
sidered. In particular, the starting works by Dobrusin and Neunzert (see [24,44]) show
that the bounded-Lipschitz distance is appropriate for Lipschitz-continuous interaction
kernels. This type of inequality has been generalized to some specific kernels with more
limited regularity. In particular, the right transportation distance for gradient flows associ-
ated with —A-convex is the quadratic Wasserstein distance W, (see [14]). Indeed, we do
not necessarily need an underlying gradient structure, but only require that the interaction
kernel is one-sided Lipschitz-continuous. This was proven in [49, Theorem 4.7] for the
Kuramoto model with weakly singular weights, which in our case provides the following
stability estimate for W5:

Wl fi. f1) < e@KEDW(fo. fo). (6.4)

which holds for any two measured-valued solutions to (1.2). Notice that units are not
correct in the above inequality, and this is again due to the fact that ¥, is not dimensionally
correct in this problem (recall 3.2). Instead, we can replace W, with SW5 (see Definition
3.2) to recover the following result.

Lemma 6.3. Consider K > 0 and let f and f_ be weak measured-valued solutions to
(1.2) with initial datum fy and fy € Po(T x R). Then we have

SWa(fi. fi) < 3K SWa(fo. fo)

foreveryt > 0.
Proof. Consider an optimal transference plan yg joining fj to ﬁ), that is,
vo € I(fo, fo) := {y € P((T xR) x (T x R)) : (m1)sy = fo and (m2)sy = fo},

such that

sWalfo 2 = [ [ dic(@r. 00, (02,00 dio o eromire
TxR JTxR
Here m; and 7, represent the projections

7'[1((9, w)v (9/7 w/)) = (9’ w)v
7 ((0, ), (0, ") = (¢, ).

Let us consider the following competitor at time ¢ via push-forward, namely,

yi = (Xou ® Kowvo € (T x R) x (T xR)),
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where X, (0, ) = (0 (0, ), ®) and X, (0, w) = (O, (0, w), ®) are the characteristic
flows associated with the transport fields v[ f]. Since y; € I1(f, f7),

1

— 1
= SWa(fr. f1)* < / [ ~dg (01, 1), (02, ©2))? d((6y,01),(02.00)) V1
2 TxR JTxR 2

1 _

=/ / EdK(XO,t(elva)l),XO,t(Qvaz))z d((61,01),(602,02)) YO
TxR JTxR

=:1(¢).

Our final goal is to derive some Gronwall-type inequality for 7. Fix (01, w1), (02, w2) €
T x R and define the following curves in T':

O(t) == Og (b1, w1) and O() := Og (6, ),
and the associated characteristic curves in T x R,
X(1) := Xo, (01, 01) = (O), w1),
X(1) := Ko, (02, @2) = (O(1), 7).
Set a minimizing geodesic x;: [0, 1] — T x R joining X(¢) to X(¢) for every fixed t > 0.
Notice that the function |
t Edlz((X(t),X(t))
is Lipschitz continuous. Then we can take derivatives and show that
d 1 = o
2SR, K0) = ~{(LAIK0).0).5,0) ~ {(pLAIE 1)), 0), ~¥/(D)  65)
for almost every ¢ > 0. Let us now consider 6(t) := O(t) — ®(¢), the representative of

O(t) — O(t) modulo 27 that lies in (—, 7r]. We find two different cases:

Case 1: 0(t) € (—m, ). In this case, the only minimizing geodesic reads
xe(s) = (1 @O+ o) 4 s(wr — wy)), s €0, 1].

Then (6.5) reads

41

dt?2

for almost every ¢ > 0.

dg(X(1),X(1) < (v[f©O ), @2) = v[f](O1), 1))6(2)

Case 2: 0(t) = m. In this second case there are exactly two minimizing geodesics

X1,x(5) = (€ COF) o) 4 5wy —w1)). s €[0.1].

Then we restate (6.5) as
d 1

713 % X0, X0) = IO, 2) = v[fHO0), @) ()
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for almost every ¢t > 0. To sum up, we achieve the following estimate:

d 1

E Edlz( (XO,[ (91 5 wl)v XO,I (927 0)2))

< (v[ /1)@, (B1, 1), w1) — V[ f1](Oo,¢ (62, 2), 2)) O, (A1, 1) — B¢ (02, w2)

for every 01,6, € T, each w1, w, € R, and almost every ¢ > 0. Using the dominated con-
vergence theorem, we show that I is absolutely continuous and taking derivatives under
the integral sign implies

fl—j < /T . /T _ OLI@0s01.01).00) = 01/ @os (02,02). 02)

x B¢ (01, 1) — g1 (61, w2) (8 .01).(82.0) VO (6.6)

for almost every ¢ > 0. Also, note that
VALO.0) ==K [ sin(® — 00.(6].0)) dipaiy o
T xR

V[ fi](6.0) =0 — K . sin(0 — ©o,1 (6}, 5)) d(gy,4) fo-

Since (771)#y0 = fo and (m2)sy0 = fo,

v[fil(0.0) =0 —K / sin(0 — @, (01, @1)) d((9;,0)).0505) V0, (6.7)
TxR JTxR

v[f]B.0) =0 —K / sin(6 — ©o.¢ (05, 5)) d((o1 w))00n V0. (6.8)
TxR JTxR

Putting (6.7)—(6.8) into (6.6) amounts to

dl —
— < / (w1 — w2)BO¢ 1 (01, w1) — O 1 (02, w2) (6.9)
dt (T xR)4

X d((01,01),(62,02)) Y0 A((8].0)).(0} ) VO

-K @ R)4(Sin(®0,t(91, w1) — O (6. ®})) — sin(Og ¢ (62, w2) — O ¢ (65. ®5)))

X B0, (01, ®1) — Op,+ (02, ®2) d((8).01).(62.2)) Y0 A((8] .0)),(0}.0)) YO

for almost every ¢ > 0. By Young’s inequality, it is clear that

(w1 — @2)?

(w1 — 02)B0 1 (01, w1) — Op 1 (62, w3) 7K

IA

K _
360,1(917 w1) — Oo ¢ (02, w2)* +

K _
= EdK (Xo,: (01, 01), Xo 1 (02, w2))?.
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This, along with a clear symmetrization argument in the second term, implies

dl
— < KI(t
dt — ®)
K . / / : o o
) (sin(@o,¢ (01, @1) — B¢ (8], @})) — sin(Bp ; (B2, w2) — O, (63, 3)))
(TxR)*

x (G, (1. 01) — Op (B2, w2) — O (6], w}) — O (6}, w}))

X d((01,01),(62,02)) Y0 A((8].0)).(68}.a,)) VO

for almost every ¢t > 0. Now, using the Lipschitz property of the sine function we achieve
the inequality

dl
ar < (K +4K)I forae.t>0.

Integrating the inequality and using that

1 1 -
0= / / k(01 01). (02, 02)) d(@y.0).62.020 Y0 = 5 SWa(fo. fo)?.
TxR JTxR
yields the desired result. ]

6.3. Probability of mass concentration and diameter contraction

Now we are ready to begin the proof of Corollary 1.1. Let L and L/, be intervals of
diameter 2/5 and 1/5 centered around the order parameter ¢oo Of foo. Recall that by
formula (1.22) we obtain

Re = tli)ngo R(t) > 3/5.

Looking at the structure of the stable equilibria f in (1.18) (which corresponds to g~ =
0, that is, no antipodal mass), we observe that for any (6, w) in supp f we have the
relation

2)

w /5w
) < arcsm(——).
KR 3K

Then we can select C in (1.20), so that we have

0 = ¢oo + arcsin(K:

In particular,

|0 — oo| < arcsin(

supp foo C L% X [-W, W]. (6.10)

Notice that the choice of the diameter of L is somehow arbitrary and is subordinated to the
size of the universal constant C in Theorem 1.1 (the smaller C, the smaller the diameter
of L). For simplicity, we have set it to 2/5 but it can be generalized to sharper values. We
divide the proof into the following steps:
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Step a. We control the mass of u¥ and f; in T\ L, namely,
uf (T\L) x R) < 25SWa (7' foo)?: (6.11)
pe(T\L) < 25SWa(fy, foo)?, (6.12)

forany ¢ > 0.
Fixt > 0 and let y; € P((T x R) x (T x R)) be an optimal transport plan between
/Lﬁv and f for the scaled Wasserstein distance SW,. Then we have

SWo (1, foo)?

_ /( o (G0, ©'. ")) dy:

/ d(6.9")*dy,
(T\L)XR)X(L1/2xR)

1
25V ((T\ L) xR) x (L1/2 x R))

v

= %[Vt(((T\L) x R) x (T x R)) — yt(((’]I‘\L) X R) x ((T\Ly/3) x ]R))]

1
> 2—5[%(((T\L) xR) x (T xR)) = y:((T x R) x ((T\Ly/2) x R))]
1
= 551 (T\L) X R) = foo((T\L1/2) x R)].
Thus, using the inclusion (6.10), we observe that the second term in the last line of the

above inequality vanishes and we obtain (6.11). Similarly, using the above argument with
u! replaced by f;, we deduce (6.12).

Step b. We claim that we can select Ty satisfying

1 1
To < o (1 + w2 n —), 6.13
% gz loe I folla + &2 (6.13)
and with the additional property that
1
SWa(fis foo) = e 0 K0T (6.14)

for every ¢ in [T, 00).
To show this, take O large enough and 7§ verifying

1
2 10g(1+ W20 folla + o).
0

To <
°="KR

2
0
so that we meet the constraints in Theorem 1.1. Then, using (3.24) and Proposition 3.2 we
obtain
1
SWa(fr, foo) < Qre” 0 KU=T0) (6.15)

for all ¢ in [Ty, 0o) and some universal constant Q. Notice that by taking Q; large
enough, we can make Q, arbitrarily small (e.g., 0> = ﬁ). This concludes the proof
of the claim.
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Step ¢. We compute N in N and dy > 0 foreach N > N* so that

1
P(swz(uﬁv f) < ———e K- To>) | — Cre=C2N? (6.16)

) < !
/500
for any ¢ in [Ty, To + dy] and any N > N*.
First, for each N in N let us set the scale

ey = N8, (6.17)
Now we define N* as

N* :=min{N e N:gye2 0 < -}, (6.18)

so that, by definition, we get the bound

N* > 500%20KTo
Fix any N > N*. Notice that N * has been defined in (6.18) so that there exists dy > 0
with the property

K (To+dy) _ Kdy_
ene 2 — ¢ (6.19)
/300

Indeed, by dividing (6.19) over (6.18), we can quantify d in terms of N* as

£_Ne%dN > g_A%OKdN.
EN* -
Consequently, we have
d > lo N
NZ 101K BN

By construction, letting ¢ = ep in the concentration inequality (6.3) of Lemma 6.2, we
obtain the following quantification:

1
P(SWa (1l fo) = en) < Cre™ N7 (6.20)

for every N € N. Thus, by monotonicity of the exponential function, we conclude that for
any ¢ € [Ty, To + dy] we have

C16’_C2N2 (SW2 (it fo) = en)

(
(

5K 4

SWo(ul, f,) > ene2 )
SWz(,lL, AR 8NeTK(To+dN))

>P
>P
> P
=P —e 40KdN)

SW 9 i
(SWalud fo) = ﬁ
P(SWa(ul. /i) > —~
- LT /500
where in the first inequality we have used the concentration inequality (6.20), in the second

one we have used the stability estimate in Lemma 6.3, and the remainder follow from our
choice of dy in (6.19) and ¢ in [Ty, Tp + dn]. That ends the proof of (6.16).

0K~ To))
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Step d. We quantify the probability of mass concentration of p,iv in the interval L, namely,
1 1

P(M?’(L xR)> 1 — ge—%’“’—“)) > 1 —CeCoN? 6.21)

for every ¢ in [Ty, To + dn) and any N > N*.
Now, by (6.11), (6.14), and the triangular inequality we have
iV ((T\L) x R) < 25SWo (il foo)?
< S0[SWa (il . £1)* + SWa(fr. foo)?]

1
< 50| SWa(uf'. fi)? + gose™ B KT

for every ¢ in [Ty, Ty + dy). Hence, we obtain

1
it (LxR) 2 1= e WK —50SWa(uf', £,)?

for each t in [T, To + dpn]. This, along with (6.16), concludes the proof of (6.21).

Step e. We quantify the probability of mass concentration and diameter contraction along
the time interval [s, co) for any s in [Ty, To + dn].

We are now ready to finish the proof of Corollary 1.1. Let us consider N > N*, s in
[To. To + dx], and any realization of the random empirical measure u” (recall Defini-
tion 6.1) so that the condition within (6.21) holds. Hence, by construction, we obtain that
at such a realization,

1
and m:=uN(LxR)>1- ge—%K(s—To) >

| &~
n| &~

= inf 9—6)>
= gL, cos0 =0 2

Then we obtain the relation

mp—(l—m):i-i—(l—g)

11
25

In particular, take o := 2/5 and notice that the above relations along with assumption
(1.20) in Theorem 1.1 guarantee condition (4.5) within the hypotheses of Lemma 4.2.
Notice that the result also holds true for the particle system. Consequently, it asserts that
for such a realization of V' we can consider a time-dependent interval L ?’ (t) witht > s
so that Lﬁv (s) =L and

1

i (L (0 x R) 21— cemw KO0,
6.22)

1 W2 (

1— inf cos(f—0) < max{—e_%(t_s), 25—2},
9,0’eLY (1) 5 K

for any ¢ > s. Indeed, we have Lﬁv (t) = mg (X?”,(L x [-W, W])), where X?,’t represents
the flow of the particle system, that is, the flow of v[u™]. Our final goal is to simplify the
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last condition in (6.22). To this end, let us consider Dﬁv () = diam(Liv (t)) and notice
that the inequality implies

(DY) _

W2
5= |

1
2 1-— COS(DL‘VN (1) < max{ge_%(l—s?)yzsﬁ (6.23)

for any ¢ > s. In particular, we obtain (D). Thus, Corollary 1.1 follows.
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