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Summary

Contributions to mixing and hypocoercivity in kinetic models
Helge Gerhard Walter Dietert

The main results of my work contribute to the mathematical study of a stability mechanism
common to both the Vlasov—Poisson equation and the Kuramoto equation. These kinetic
models come from very different areas of physics: the Vlasov—Poisson equation models plasmas
and the Kuramoto equation models synchronisation behaviour.

The stability was first described by Landau in 1946 and is a subtle behaviour, because the
damping only happens in a suitably weak sense. In fact, the models are not dissipative and
cannot be stable in a strong topology. Instead, the so-called Landau damping happens through
phase mixing. My contributions include a simplified linear analysis for the Vlasov—Poisson
equation around the spatially homogeneous state. For the Kuramoto equation, I cover the
linear analysis around general stationary states and show nonlinear stability results with
algebraic and exponential decay. Moreover, I show how the mean-field estimate by Dobrushin
can be improved around the incoherent state.

In addition, I study how a kinetic system can reach a thermal equilibrium. This is modelled
by adding a dissipative term, which by itself drives the system to a local equilibrium. In
hypocoercivity theory, the complementary effect of the transport operator is used to show
exponential decay to a global equilibrium. In particular, I show how a probabilistic treatment
can complement the standard hypocoercivity theory, which constructs equivalent norms, and
I discuss the necessity of the geometric control condition for the spatially degenerate kinetic
Fokker—Planck equation.

Finally, I study the possible discretisation of the velocity variable for kinetic equations. For
the numerical stability, Hermite functions are a suitable choice, because their differentiation
matrix is skew-symmetric. However, so far a fast expansion algorithm has been lacking and

this is addressed in this work.
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1 Kinetic models with Landau damping

This chapter introduces the setup for the results on Landau damping, i.e. the stability through
phase mixing, and reviews the related literature. We start with a brief formal discussion of
the stability mechanism, Section 1.1. The mechanism is common to the two studied systems,
coming from different areas of physics. The Vlasov—Poisson equation, Section 1.2, models
plasmas and was the model in which Landau originally observed the damping. The Kuramoto
equation, Section 1.3, models synchronisation phenomena and is a focus of this work. Both
models are derived as mean-field limits. We finish the chapter by reviewing the mathematical

approaches and the results of the thesis on phase-mixing in Section 1.4.

1.1 Convergence through phase mixing

In order to introduce the stability created by phase mixing, we start with a formal discussion of
a toy model without any interaction and discuss how the stability emerges from the collective

behaviour.

We start with a particle system of NV particles, where each particle, labelled : = 1,..., N,
is described by a position P; in the phase space I', which often consists of the spatial position
and velocity, but can also include the size and the spin of the particles. The evolution is
described by a vector field A so that

d

aPi(t) = A(t, P;(t)).

The trajectories of a particle are given by the maps T} s, where T} ;(P) is the position of a
particle at time ¢ given that the particle was at position P at time s. With the vector field A,
an equivalent description is the ODE

d
ET’ts(j_—_’) = A(t7Tt,S(P))5

T;s(P)=P.

In order to understand a large population of particles, it is helpful to focus on their
distribution, i.e. the empirical measure f(t,-) = N~} Zf\il dp,)- The empirical measure

describes the collective behaviour of the particle system and its evolution over time is given
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Figure 1.1 — Evolution of an initial distribution under the free transport in T X [0, 1].

by the push-forward of T} s, i.e.
(Th,5)« f (5,-) = f(t;-)-
The evolution then solves the PDE
O f(t, P)+Vp-[At, P)f(t, P)] =0,

which is the Liouville equation for the density of one particle.
As a toy model, we consider the case where the phase space I' = T x [0, 1] consists of a
spatial variable z on the torus T = [0, 27) and a velocity variable v in [0, 1]. For the vector

field A we consider the simple case of free transport

A(t,z,v) = (g) ,

so that the density f evolves according to
Ouf(t,,v) + Ou[v f(t, 2, v)] = 0.
The solution starting from the initial data fi, at time ¢t = 0 is given by

f(t,z,v) = fin(x — tv,v)

and is, for localised initial data fi(x,v) = 1,¢[0,1), shown in Figure 1.1. The figure shows
that the initial data is distributed in very fine filaments and converges to the uniform state
after averaging, i.e. in a weak sense. On the other hand, all L? norms are exactly conserved
and thus no form of convergence occurs in these norms.

For the mathematical analysis, we can describe the evolution by the semigroup e** so that

f(t,SL‘,’U) = (ethin)(z7U)'

For the toy model with the free transport operator the generator L takes the form L = —vd,.



1.1 Convergence through phase mixing

The stability of such a semigroup is naturally studied by the spectral properties of the
generator. The spectrum is obtained by taking the Fourier transform in z, i.e. to represent

the function by the Fourier coefficients
Jiv) = (Faostfi(v) = / eI (2, v)da
z€eT

for I € Z. In this representation the generator is given by L= —iul.

Here we see that the spatial modes decouple and the generator acts as a simple multiplication
operator. Thus in usual function spaces, e.g. L?(T'), the generator has a continuous spectrum
along the imaginary axis so that the spectral analysis shows that there is no decay in the
strong topology.

If we further take the Fourier transform in v, i.e.

f1(6) = (Fne) = / e~ £ v)dado,

(z,v)ETXR

then the evolution becomes again a transport equation

O filt, &) =10 fult, ©),

so that the solution after a time ¢ is simply a shift as

fl(tvg) = (fin)l(tag + lt)

By the Plancherel identity, the solution after time ¢ tested against a test function h satisfies

(f(t),h) = (f(£),h) = Z/&R(ﬁn)z(fjL It) hi(€) de.

leZ

For regular functions fi, and h, the Fourier transforms (fin);(€) and hy(€) are localised around
¢ ~ 0 and decay as |£| — oco. For spatial modes [ # 0, the two factors are shifted apart as
t — oo and thus the integral converges to 0. Therefore, the inner product converges to the

spatial average

[ Gt hoferae =2r [ ([ uteorge ) ([ wtoorge )ao

and we have found stability. For [ # 0, the speed of decay of the product

/ Fui(E 1 16) Tn(@) dé
£ER

depends on the strength of localisation, i.e. how fast (fin);(€) and hy(€) decay as |£] — oc.

Finally, the decay in Fourier variables characterises the regularity of a function.
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Very heuristically, the regularity implies the weak decay, because for a regular function close
to any particle is another particle with a slightly different velocity. Due to the inhomogeneity
in the velocity, this means that trajectories will diverge and by ergodicity spread over the
whole space.

Going back to the spectral study, consider the map A — ((L — A\)™! fin, h), the resolvent
applied to fi, and tested against h. This is an analytic function for A in the resolvent set of
the operator L. If fi, and h are analytic, we find, however, that the map has an analytic
continuation beyond the continuous spectrum, so that the continuous spectrum seems to
disappear. Formulated as Laplace transform, this has already been used in the first paper on
this class of decay by Landau [87] in 1946.

An intuitive picture of this setup is the study of particles around a central body, like the
rings of Saturn consisting of small particles. Here we can describe the position of a particle by
its angle x € T and radial distance r € [R_, R1] within a positive range. Assuming a circular
orbit, the radius stays fixed and the frequency w satisfies w?r® = p, where y is a physical
constant depending on the gravitation. Thus, we can understand the radial distance r as
velocity variable and have the same phenomenon of phase mixing, cf. Figure 1.2. This gives
an explanation of how such a ring structure can form and be stable without interaction. The
discussion of the rings of Saturn was also the topic of Maxwell’s famous Adam’s price essay
[54].

A brief discussion from the physical viewpoint is also given in the book by Reichl [135]. As
another intuitive example, she describes an oil-film on water, which does not diffuse but can
be mixed under a suitable velocity field to appear homogeneous.

In the whole discussion, the system is still time-reversible and the decay comes purely from
the assumed regularity and the phase mixing. Thus a regular initial system tested against a
regular function is decaying, which introduces the sense of time-irreversibility. In physical
applications, regular initial data can be justified by regularising effects like noise or collisions.
For systems including such additional effects, the stability through phase mixing can show
damping on much smaller time-scales, where these other effects can be neglected. This faster

decay belongs to the paradigm of the so-called violent damping [152, 159].

1.2 Vlasov—Poisson equation: Understanding collisionless

plasmas

1.2.1 Physical modelling

A plasma consists of freely moving particles which are charged so that they exert a long range
interaction through electromagnetic fields. A typical example is an electron gas, but ionised
atoms and molecules can also act as charged particles. In the universe, a plasma is a very

common state of matter in space [34, 141].
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Figure 1.2 — Phase mixing on an orbital system. Particles are assumed to have circular orbits
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The physical description was developed in the early 20th century and is nowadays treated
in many textbooks [94, 118, 142]. For our work, we focus on the so-called kinetic description,
where we work with the density of particles over their position and velocity. This kind of
description was pioneered for gases by Maxwell [107] and Boltzmann [20] at the end of the

19th century and was very controversial at that time [57].

In this work, we further restrict ourselves to systems with one species of particles, which
are described by classical mechanics with an electrostatic interaction. While the results can
easily be extended to several species, a treatment of relativistic effects and of the full Maxwell
equations changes the mathematical structure significantly so that the previous studies cannot

be extended directly.
Starting from a microscopic description, we have a large number of particles i =1,..., N

whose phase space position P; = (g;, p;) evolves as

0¢; 0H Ip; OH

at — ap’ at — dq
with an Hamiltonian H = H(Py, ..., Py). In the physical modelling, we restrict to a symmetric
interaction potential N ™' and an external potential V' so that the Hamiltonian is given by
1 & 1 al
H(leu,PN):%ZP?‘FN Z W(Qi7Qj)+ZV(qi)a
i=1 1

1<i<j<N i=

where m is the mass of a single particle.

The scaling ensures that the different terms are of the same order. Physically, the scaling
can be motivated by hypothetically splitting every particle into several smaller particles,
where the overall mass and charge is kept constant. In this context, the charge () and mass
m of a particle behaves like N~! giving the claimed scaling from the electrostatic interaction

potential W (g;,q;) = (4meo) "1 Q?%|qi — g;j| ", where € is the electrostatic constant.

In practise the number of particles is very large. For the order of magnitude recall the
Avogadro constant 6 x 1023 mol~!. We therefore try to understand the system statistically

by a distribution over the phase space I' of a single particle.

A possible derivation of such a description follows the paradigm of statistical physics and

uses ensembles pioneered by Gibbs [56] in 1902.

In this, we do not claim that we know the exact state (Py,..., Py) € I'V of the whole
system, but rather know a distribution F'V of the microstate (Py, ..., Py) over the complete
phase space I'N. The particles are thought to be indistinguishable, which we include by
imposing that FV is symmetric. The distribution of a typical particle is then given by the

first marginal

f(P):fLN(P):/ FN(P,Ps,...,Py)dP;...dPy,

rN-1
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which we treat as adequate description of our system.
Each microstate evolves independently by Hamilton’s equation of motion, so that the

density FV evolves by the Liouville equation
OFN +v.(PFN) =0,

where P is the evolution of the microstate. By the Hamiltonian structure, Liouville’s theorem
implies V - P = 0, which shows that

OWFN +{FN H} =0 (1.1)

with the Poisson bracket

N
{(FNH} =) (Vo FN -V, HY =V, FN .V, H"),
i=1
where the coordinate P; of the particle ¢ consists of its position ¢; and its momentum p;.
In probability theory this density evolution is also called master or Kolmogorov equation
and as such can easily be adapted to include noise terms due to background interactions.
The dynamic of FV still includes the full complexity and, for a reduction, we look at the

marginals f*~ defined by
fk»N(Pl,...,Pk):/FJMFN(Pl,...,Pk,PkH,...,PN)deH...dPN.
Taking the marginals in (1.1) implies that the marginals satisfy
O fPN(Pr, .. Pe) + { PN H Y (P, ..., Pr)

k
N -k
=SV R (B5E) T [ W PP o
i=1 Iy

where P = (g, p) in the last integral and H is the reduced Hamiltonian

k

k
1 1
Hk(Pl, .. 7Pk) = 72’/77, E p? + N E W(qi,qj) + E V(qz)
i=1

1<i<j<k i=1
This is the famous BBGKY hierarchy [118, 135, 142] (named after Bogoliubov, Born, Green,
Kirkwood, and Yvon), which relates the evolution of the k-th marginal to the (k + 1)-th
marginal. Hence for the solution of the first marginal, all other moments are needed. In order
to find a reduced description of the first marginal f = f1V, we therefore need to make further
assumptions. The simplest case was introduced by Vlasov [161] for a plasma and assumes
that the particles are uncorrelated, i.e. he replaces f>V by f1'¥ @ f1™. This assumption

was pioneered by Boltzmann as molecular chaos in the kinetic theory of gases and is believed
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to hold in the limit N — oco. In this regime, the limit preserves the time-reversibility and can
be described as Hamiltonian system [111].

Using the electrostatic interaction potential described by the Poisson equation, the resulting
equation is called Vlasov—Poisson equation and, for particles of mass m and charge e, is given
by

O f(t,z,v) +v-Vuf(t z,v) — %V(zﬁ(t,x) -V f(t,z,v) =0,

A(t,x) = -2 (z;x), (1.3)
p(tvx) = f(t7$7v) dv_poo(x)
Rd

describing a density f(z,v) with respect to the spatial position  and velocity v, where p
is a background charge and ¢ is a physical constant, the permittivity. A possible source of
such a background charge are ionised atoms which are approximately static on the considered
time-scale.

For dilute plasma this approximation works very well for suitable configurations and is
successfully used for experimental results. For the electrostatic interaction, two further
approximations of f2% are known in the physics literature: The Landau equation [88] and the
so-called Lenard-Balescu equation [8, 92]. See also the textbooks [118, 142]. The modelling in
these approaches already creates a preferred direction of time and the resulting equations
have the structure of a Fokker—Planck equation. In particular, the Hamiltonian structure has
not been preserved. Finally, collisions can be included in the model by adding a Boltzmann
collision operator, cf. [142, Section 4.6], which again breaks time-reversibility.

Another approach follows the Klimontovich equation [82]. This approach starts with the

empirical measure N of the particle distribution Py, ..., Py given as

IU,N = li(sp
Ni:l '

The empirical measure of a solution of the microscopic evolution satisfies the Klimontovich
equation, which is the PDE

P
Oeu(t,q,p) + ol Vou(t,q,p) = V4 V(t,q) - Vpu(t,q,p) =0,

1.4
V(t.q) = /F Wia.q")u(t, ¢, p')dq'dp’ .
understood weakly against C'' functions for particles of mass m. The fact that the empirical
distribution of a solution satisfies (1.4) can be directly verified and, for sufficiently nice
interaction potentials, this PDE determines the solution uniquely.
Formally, the Klimontovich equation (1.4) equals the Vlasov equation. However, their
physical interpretation is different: the Vlasov equation describes the evolution of a density,

while the Klimontovich equation describes the exact evolution of a configuration expressed as
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empirical measure. In physical discussions, we then take some form of averaging and argue
that in the limit NV — oo a suitable version of the law of large numbers holds, so that the

fluctuations can be neglected and we arrive again at the Vlasov equation [118, 142].

Another viewpoint assumes that the Klimontovich equation (1.4) is stable in a sufficiently
fine topology of measures. This implies that the evolution of a particle distribution can be
well-approximated by a smooth solution, which is initially close to the particle system. In
numerical analysis this justifies the meta-particle approach, where we reduce the particle

dynamics to a particle dynamics with fewer particles.

Related to this is the idea of pulverisation, which is a thought experiment, where we split
the particles in smaller particles keeping the overall mass and charge constant. Assuming
that the system with more particles results in a similar behaviour macroscopically, we expect

stability in a suitable sense, so that the system can be described by the smooth solution.

This limiting behaviour N — oo is well-understood for Lipschitz interactions, see Chapter 2,
but is not proven for the singular Poisson interaction. Towards this, Hauray and Jabin [69,

70] showed results for slightly irregular potentials.

From a physical viewpoint, boundary conditions from a barrier or a confining potential are
natural. However, a confining potential complicates the analysis significantly, so that we focus
on periodic boundary condition. By rescaling, we can assume without loss of generality that
the space is the standard d-dimensional torus T¢ = [0,27)% and we take an interaction of the
form W(z,y) = W(z — y). The evolution then takes the form

O f(t,x,v) +v-Vyf(t,z,v)+ F(t,z) - V,f(t,z,v) =0,
F(t,x) ==V, [W * p(t’ )] (l‘)? (15)

p(t,x) = f(t,l‘,’U) dv,
Rd
where the star * denotes the convolution over the space variable z. For a Poisson potential,

there exists a constant Cyy such that W is characterised by

) u 0 it k=0,
Wi = W(z)e " *dx =
z€Te k~2Cw otherwise.

For a careful discussion of these periodic boundary conditions, see the introduction of Mouhot
and Villani [114].

Compared to the spatially homogeneous plasma over R?, this setup has the advantage that,
apart from the zero mode, all modes have a strictly positive size |k| > 1, which physically

excludes very slow varying perturbations.

Even though the derivation was done for plasmas, another application of the Vlasov—Poisson
equation is the dynamics of galaxies, where stars interact through Newtonian gravity. This

was pioneered by Jeans [77, 78] in 1915, much before the work by Vlasov, and the equation
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is also called collisionless Boltzmann equation in this context. The possible application of
Landau damping was discussed by Lynden-Bell [99]. For a brief discussion of the modelling,
we again refer to the introduction of Mouhot and Villani [114].

In contrast to many equations in mathematical physics, the existence and uniqueness of
solutions is well understood. Some reviews are given in [60, 136]. We have results on the

existence of weak and classical solutions [5, 97, 125, 129, 140] and uniqueness [98].

1.2.2 Linear study

Already in his paper from 1938, Vlasov [161] looked at the linearisation around a stationary
state fs;. We assume a spatially homogeneous basis configuration fy(x,v) = fs(v) and
overall neutrality, so that the electric potential vanishes in the stationary state. Considering

a perturbation, again denoted by f, its evolution is on the linear level governed by
Of(t,,v) +v-Vof(t,z,v) + Ft,z) - Vyfa(t,v) =0
F(t,2) = Vo W # plt, )] (), 1.6)

plt,a)= [ ft,x,v)dv
Rd

with the interaction potential W (x,y) = W(x — y). Looking for normal modes, Vlasov took

the ansatz f(t,x,v) = c(v)el**~* The linearised equation becomes

(—iw + ik - v) f(t,z,v) + F(t,z) - V, fst(v) =0,

F(t,z) = —ik ==t iy, c(v)do,
Rd

where

Wy, = W(z)e **dz.
zeTe

Hence formally, ¢ needs to take the form

Wi Jpa c(0) dik -V, fir (v)
o k-v—w

c(v)
and this is a valid solution if

k : vvfst (’U)

1=W
4§ re k-v—w

dv. (1.7)

With the electrostatic interaction, Wi takes the form k’ng, where w), is the plasma frequency
depending on the physical parameter of the plasma.

The dispersion relation (1.7) correctly describes the existence of growing modes, however,
for real w the factor (k- v — w)~! becomes singular and the meaning for the asymptotic

behaviour becomes unclear. In 1946, Landau [87] argued that the problem should instead

10



1.2 Vlasov—Poisson equation: Understanding collisionless plasmas

be considered as Cauchy problem, which he formally solved using the Fourier and Laplace

transform.

As a first step, take the Fourier transform in space

fre(t,v) = / S RO
Rd
The linearised equation then becomes

8tf~k(tvv) +ik - Ufk(tvv) + Fk(t) : vvfst(v) = 07
Fr(t) = —ikWpr, (1.8)

pr(t) = [ fi(t,v)dv.
Rd

Note that the spatial modes k& completely decouple and that each mode can be solved
separately. This is a key feature of spatially homogeneous states, which makes their analysis

feasible.

In order to solve the initial value problem, recall the Laplace transform L of a function
F:Rt—Cas

(LF)(a) == /0 T et p() dt

for all a € C for which the integral is converging [48]. Taking the Laplace transform in time ¢,
we then find

= (fi)r(v) + a(Lfi)(a,0) + ik - v(Lfr)(a,v) + (LFk)(a) - Vo fot (v) = 0,
(LEy)(a) = ikWi(Lpk)(a),

(i) = [ (EFfa)

where fi, are the initial data for f.
Solving the first equation for £ fk gives

(fin)k(v) - (Eﬁk)(a) -V fst(v)

(ka)(a) - a+ik-v

Using the second equation for £F, and integrating over v shows

Hence we can explicitly solve the equation for (L) as
T k- v/s ! in
@i = (1= [ B Eg,) [ Unkltl,
R R

k-v—ia aa-+ik-v

11



1 Kinetic models with Landau damping

where the first term reassembles the dispersion relation (1.7) with the identification of the
rate as @ = —iw.
Assuming exponential growth bounds, this expression gives the correct Laplace transform

for Ra large enough. For sufficiently nice stationary solutions fy;, the part

L(a) := Wy /]Rd Mdv

k-v—ia

gives an analytic function over Ra > 0. Landau then noted, that for analytic functions fs(v)
with sufficient decay, the function L can be analytically continued beyond fa = 0. Likewise,
for sufficiently nice initial data, the second term in the expression for Lpj can be analytically
extended.

We assume that Lox can be analytically continued as meremorphic function to the region
{a € C: Ra > —ap} with possible poles by, ...,by at the points where 1 = L(a). Formally
taking the inverse Laplace transform (also called Dunford formula in the context of semigroups),

the solution is

1 ico+og
o)== [ (Ep(@eda
2mi —ico+4og
for a sufficiently large constant og. Formally, deforming the contour along Ra = —ag, we
find an integral along Ra = —ag, which decays as e~%°%, and contributions from the poles

i=1,..., M, which evolve as eb?.

In the case of a Maxwellian distribution, Landau showed that all poles are decaying. Hence
he concluded that the observable spatial density (or equivalently the electric potential) is
damped.

In general, for a function f, the mapping to

s,

o UW— S

(Hf)(s) =

is called the Hilbert transform. Landau defined the analytic continuation from the upper half
plane by changing the contour such that the pole u = s is above the contour of integration,
which is called Landau prescription in this context, cf. Figure 1.3.

This class of integrals had been well-studied in the mathematical analysis [115, 151]. The
result allowed Backus [7] to show that the above reasoning can be made rigorous in order to
show the claimed linear stability.

In 1959, Penrose [128] also studied the limiting behaviour of L(a) as Ra — 0 + 0. For this

he uses the Plemelj formula [115] stated in its basic form as:

Lemma 1.1. If f € L' is a Lipschitz continuous function, then

Jim M(“ﬁ) dxzpv/@dmmﬁ(oy (1.9)

Here PV denotes the principal value and in fact the convergence can be quantified.

12



1.2 Vlasov—Poisson equation: Understanding collisionless plasmas

oS

Figure 1.3 — Landau’s prescription for changing the contour of the integral in the Hilbert
transform ffooo %du if Is < 0 in order to find the analytic continuation from
the upper half plane. Note that in terms of the Laplace transform u is identified
with iw and integral is along the imaginary axis. The figure has been adapted
from [87].

From this Penrose found an explicit expression for L(a) for $ta = 0, which is the boundary
value of the analytic function L. Moreover, by the Riemann-Lebesgue lemma, |L(a)| — 0 as
|a] = oo for Ra > 0. Therefore, x — L(iz) defines a complex curve starting and ending at
0. By the argument principle, the number of solutions to L(a) = 1 for Ra > 0 equals the
winding number of the curve around 1. Hence we can use the curve to determine the number
of unstable modes. In particular, we can use this to identify stable configurations exactly.

In the electrostatic case with W, = k;_Qw]z,, we find that the dispersion relation takes the

form
k? = Zz(a/|kl)
with Y, fu(0)
7. _ 2 e: vJst (U
e(a) wp/]Rd é-v—1ia dv,

where é is the unit vector k/|k|. Hence, we have unstable modes if and only if there exists
a with Ra > 0 such that Z;(a) € (0,00). Identifying the existence of such solutions by the
argument principle gives the Penrose criterion, which states the stability in terms of the

minima of the marginal velocity distribution along é.

Proposition 1.2 (Penrose criterion). The configuration fs has a growing mode in the

direction € if and only if the marginal density
h(u) = Op-e=u fst(v)dv
R4

has a relative minimum x € R with

o0 !
PV/ Mdu > 0.

—00

For the stability analysis, Penrose noted that the electric field or potential satisfies a Volterra

equation for which the stability is well-understood. In this work, I will follow this approach,

13



1 Kinetic models with Landau damping

which is discussed in Chapter 3.

In 1955, van Kampen [153] also showed that the behaviour can be recovered by a normal
mode analysis when the singularity is resolved properly. In this, he finds singular eigenmodes
for every w € R, in which he expands the solution. By understanding the dispersion, he then
recovers the stability, where he already draws the connection to resonance states in scattering
theory for the decaying modes. Case [29] and Backus [7] clarified this approach in 1959 and
1960, respectively.

From the scaling of k? = Z;(a/|k|), we see that modes with small |k| decay with a slower
rate and k& = 0 corresponds to the overall density, which is not decaying. This motivates the
use of the torus, allowing to prove uniform decay. Some indications of the behaviour over the
whole line are given in [11, 58, 59].

The analysis was rigorously revisited in the 1980s, focusing on the observed decay rate by
Maslov and Fedoryuk [106] and Degond [41]. Degond worked on the torus and showed the
decay for the result tested against for test functions, when the initial data and test function

have a uniformly bounded continuation in a strip around the real axis.

From a physical viewpoint, the understanding is that the energy of the electric potential is
transferred to the kinetic energy of the particles [40]. A naive interpretation follows the surfer
picture, in which particles with a slower speed than the wave speed are accelerated, while
particles with a higher speed are decelerated. With a unimodal velocity distribution, there
are more slower particles and thus energy is taken out of the wave. However, such a naive

reasoning is wrong and a more careful analysis is needed [51, 142].

1.2.3 Nonlinear behaviour

In his paper from 1959, Backus [7] pointed out, that the linearisation is questionable, because
the damping creates very fine filaments and we are ignoring a term taking a velocity derivative.
Moreover, the ignored nonlinear term is the highest order term in v, which normally determines
the behaviour of a PDE. Nevertheless, the predicted damping behaviour was experimentally
verified in the early 1960s [100, 101, 166].

In fact Mouhot and Villani [114] showed in their celebrated paper from 2011, that linear
stability implies nonlinear stability on the torus for regular enough perturbations (Gevrey
regularity). Villani [157] also produced lecture notes, which nicely review the result and its

context. Bedrossian, Masmoudi and Mouhot [13] later also simplified the proof.

A major obstacle are the plasma echos discovered by Gould, O’Neil, Malmberg and
Wharton [64, 102, 103] in 1967 and 1968. If one perturbs a stable plasma, then the perturbation
will be damped by Landau damping, in particular the electric field will decay. A second
perturbation after time 7" will also be damped, but then after a further time 7T another

excitation, the echo, can be observed.

For a simple explanation [94], consider the free transport from Section 1.1 on the torus. An
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1.3 Kuramoto equation: Understanding synchronisation
initial perturbation cos(z)g(v) will evolve after time t to

f(t,z,v) = cos(z — tv)g(v),

which appears to be damped due to the phase factor e**?. A second perturbation at time T°

introduces a perturbation of the form cos(2x). For such a perturbation, the solution will be

f+T,x,v) =cos(2(x — tv)) cos(x — (t + T)v)g(v)

= % [cos(3(x — tv) — Tv) + cos(x — (t — T)v)] g(v),

where we see that the second term cos(z — (t — T')v) creates an echo at the further time ¢t = T'.

The question for the full nonlinear behaviour then becomes, whether the echos can replicate
themselves creating a nonlinear instability. In order to exclude such a behaviour, the current

results need a strong regularity assumption on the perturbation.

Already in 1957, Bernstein, Greene and Kruskal [16] realised that the nonlinear behaviour
allows a large class of wave solutions. Their idea is to prescribe an electric potential and a
distribution for the untrapped energy levels of the Hamiltonian. Then they show that they
can construct a valid solution by choosing a distribution for the trapped energy levels. This
construction is nowadays standard in textbooks [118, 142] and Lin and Zeng [95, 96] showed
that this implies a minimal regularity of H? for o > 3/2 of the perturbations for the damping
to be possible.

For the analysis, the simplified Vlasov-HMF model (Hamiltonian Mean Field model) has
been devised, where the interaction W is simplified. On the torus, we take the interaction
potential W such that only finitely many modes W) are nonzero and suppose the evolution
as in (1.5), cf. [9]. This greatly reduces the effect of echos and allowed stability results with
Sobolev regularity [52].

1.3 Kuramoto equation: Understanding synchronisation

1.3.1 Modelling and applications

The Kuramoto model was originally devised as simple model of globally coupled oscillators [83,
84] and is a special case of the earlier Winfree model [164]. The aim of the model is to
understand synchronisation behaviour. Common historical examples are the synchronisation
of pendulum clocks on the same wall observed by Huygens in the 17th century [126] or the
synchronised flashing of fireflies [130].

The model describes the behaviour of N oscillators, where each oscillator ¢ = 1,..., N

has its own natural frequency w; and its state is described by its phase angle 6; € T. The
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1 Kinetic models with Landau damping

evolution is then modelled by the following set of first order equations

d

K N
&Gi:wi—l—ﬁgsin(@j—ﬁi) fori=1,...,N,

where K parametrises the coupling strength.

This simple model still captures the phase transition to synchrony in collective systems and
has gained substantial attention with many applications, e.g. in Chemistry and Biology, cf.
the reviews [2, 130, 147]. It can be thought as weak coupling limit of oscillators, where the
interaction does not significantly change the shape of the limit cycle. As a first order system,
it is not Hamiltonian and even after changing w it is not time reversible. However, it can be

embedded in a Hamiltonian system [165].

The coupling can be expressed through a global order parameter

1 N
_ i0;
T]_N;e 9

which also measures how much a population is synchronised. Using the order parameter, the
evolution can be expressed as
d K

—f. = . - —i6; _ = i0;
a¥ =it g e =]

If the oscillator system rotates with a global frequency w, we can factor out this rotation
by taking # — 0 — &t and w; — w; — @ without changing the synchronisation behaviour.
Therefore, in studying a stable rotating state, we can without loss of generality choose a

suitable rotating frame, where the system becomes stationary.

The early studies by Kuramoto [83, 84] focused on the self-consistency of possible stationary
solutions. For studies of the asymptotic behaviour, the particle system seems intractable, so
that we again focus on the mean-field limit N — oo, where we treat each oscillatori =1,..., NV
as particle with spatial position 0; € T and velocity w; € R. In the context of the Kuramoto
equation, the mean-field limit has first been suggested by Sakaguchi [138] in the case with
noise and by Mirollo and Strogatz [148] in the case without noise. The system is described by

a distribution f over the phase space I' = T x R, which evolves as

0uf(0,0.0) + 05 | (w+ S0t 7 ) ) £0.0,)] =0

(1.10)

n(t) = / e £(t,0,w)dodw.
(0,w)erl

Here we keep the velocity w as parameter of the density, but note that it stays constant. In
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1.3 Kuramoto equation: Understanding synchronisation

particular the velocity marginal

gw)= [ f(f,w)df
9€T

is constant in time.

In 2005, Lancellotti [86] noted that the mean-field theory applies, which rigorously justifies
the limit and shows well-posedness of the PDE, see Chapter 2. For applications of the
Kuramoto model, the number of oscillators can become very small, which motivated many
numerical experiments about the fluctuations observed in finite particle system. In particular,
it has been suggested to look at the second marginal in the BBGKY hierarchy in order to

further understand the fluctuations [71].

1.3.2 Self-consistency equation and stationary states

The spatially homogeneous state

£(0,) = 5-9(w)

with the velocity marginal g(w) = [, f(f,w)df is a stationary state of the Kuramoto
equation (1.10) with order parameter = 0. It corresponds to a completely incoherent
distribution.

For a possible synchronised state, we can assume without loss of generality, that we have
chosen the observation frame such that n € (0,1] and is constant in time. Looking for a

stationary state fpis of (1.10), oscillators with |w| > K7 must be distributed proportional to

do
lw — Knsin|’

In order to compute the normalising constant and the Fourier transform [, consider w > Kn

and [ € N. For this choice, compute the integral with the substitution z = e~ and Cauchy’s

residue theorem

/ it dé B / Zldz
0eT |lw — Knsind| |z|=1 —iwz + %(1 —22)

(5 (#))
Vw? = (Kn)?’

where 3(z) is the root of 22 + 2izz — 1 with modulus less than 1. The same can be done for
w < —Kn. Fixing the normalisation of the conditional distribution for |w| > K7 thus shows

that the conditional distribution is

w? — (Kn)?
|w— Knsing|
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1 Kinetic models with Landau damping

whose Fourier series for [ € N is

[ o= (0())

lw— Knsing| Kn

where

B(z) = —ix (1 —/1- 9;) for |x| > 1.

For oscillators with |w| < K7, the evolution of the phase angle 6 has a stable fixed point at
0 = arcsin(w/(Kn)) and an unstable fixed point at § = 7 — arcsin(w/(Kn)). Hence these
oscillators are phase locked and, with the combination of unlocked oscillators, such a state is
called partially locked.

A general partially locked state therefore takes the form

(a(w)(sarcsin(w/(Kn))(g) + (1 - a(w))éﬂ—arcsin(w/(Kn))(0)) g(w) if |OJ‘ < K’?

fpls(oaw) = w2 — (K 2
") .
4 f K
2m|w — Knsin0|g(w) if fwl > K
for an arbitrary measurable function a : [— K7, Kn] — [0, 1], which describes the proportion

of mass at the stable fixed point.

The Fourier transform in x, can be easily expressed for [ € N as

Fohi(w) = /9 e 0.}

w

(ast () + - anst (1)) atw) it < Ko,
o (12 ) e if o] > K7,

where B4 (z) are again the roots of 22 + 2ixz — 1, explicitly given as
B+(z) = iz £/1— 22

In the study of stability of partially locked states, we assume that all oscillators are concentrated
at the stable fixed point and denote such a state by fs. In this context, we also take 5, = .

The structure of the partially locked state fs can be observed as asymptotic behaviour in
a large discrete system. As an example, we take 1000 oscillators whose natural frequencies
are drawn from the standard Gaussian distribution and choose a sufficiently large coupling
K = 1.75 to induce a synchronisation. The order parameter quickly converges to a constant
value and, waiting a long time ¢t = 1000, the distribution of the oscillators is close to the
partially locked state fs. The position of the oscillators in the phase space (6, w) is shown
in Figure 1.4. The distribution shows that the oscillators with |w| < K|n| are at the stable
fixed-point and that the oscillators with |w| > K|n| are distributed over #. Looking at their
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1.3 Kuramoto equation: Understanding synchronisation

time-evolution, we can also observe that the oscillators with |w| < K|n| are locked, i.e. not

moving relative to the overall synchronisation, while the other oscillators are still moving.

T | -
/2 - -

RS 0- ] J -
—7)2 - -

‘- . -
-7 - i I I I -
—Kln| 0 Kn|
w

Figure 1.4 — Phase diagram of a discrete simulation (N = 1000) after a long time ¢ = 1000,
where the order parameter has converged to a fixed value. The resulting con-
figuration has been rotated so that the order parameter is real (g = 0.48). The
natural frequencies are drawn initially form a standard Gaussian distribution and
the coupling K = 1.75 has been chosen to ensure synchronisation.

For a stationary solution, the partially locked state fys must recreate the imposed order

parameter 7. Recalling that n is chosen to be real, the calculation of the Fourier series shows

that this condition is

0= [ (1) o+ [ (a@ss (55) + 0= a@no- (5 ) ) st

s [ ()

weR KT’ |w|>Kn KU w

Taking the real part requires

7= /w<Kn(20‘(“’) — 11— (;ﬁ)Qg(w)dw,

where we see that only the locked oscillators at the stable fixed point produce the field. The

imaginary part imposes

2
w w w
0=-— —gwder/ — 1<>gwdw.
weR K77 ( ) |w|>Kn KU K77 ( )

19



1 Kinetic models with Landau damping

On an intuitive level, the condition from the real part means that we need to have enough
locked oscillators in order to produce the strength of the order parameter and the condition
from the imaginary part means that the centre is not drifting away. Here the unlocked

oscillators are not contributing to the strength of the order parameter.

In the case of a symmetric distribution with g(w) = g(—w), the condition from the imaginary
part is always satisfied. In fact, for a unimodal distribution!, which is symmetric around its
maximum, the condition from the imaginary part has only a solution if the frame is chosen
such that the maximum is at 0. Physically, it means that a partially locked state can only

exists with the mean-frequency of such a distribution.

For a symmetric distribution, the condition on the real part can be written as

1=F(n)

with

Fin)=K | ‘<1[204(K7]:17) —1]V1 — 22 g(Knz) dz.

For an absolutely continuous velocity marginal, F' varies continuously with respect to n and
using that g is a probability density, we find that F(1) < 1.

On the other hand, for symmetric unimodal distributions, F' is monotone decreasing, so
that a nontrivial solution exists if and only if F'(0) > 1. For an absolutely continuous velocity
distribution g and a = 1 we find the limiting value

_ Km

F(0) = = g(0),

which can be understood as a condition on K for the existence of synchronised states. From
a physical point of view, it was conjectured from the early studies that these states are the

stable configuration, which bifurcate from the incoherent state as K increases [147].

For general distributions, the picture can be more complicated with several possible solutions,

see e.g. the discussion by Omel’chenko and Wolfrum [120].

1.3.3 Neutral stability and Landau damping

One of the first questions studied was the stability of the incoherent state on the linear
level [148, 149]. Using the Fourier transform

filt,w) = /T e 0 f(t,0,w)ds

La distribution with a density with exactly one relative maximum
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1.3 Kuramoto equation: Understanding synchronisation
for | € Z, the evolution becomes

0.Ju(t,) + iLf(1.) + 5 (0 a () ~ 1D fia () = 0

n) = | Faltw)de.
w€eR

(1.11)

The zeroth mode is the constant velocity marginal g, so that a perturbation is characterised

by the restriction ( fi (t,w))i>1. The time-evolution of the perturbation is then given by

0uF (1) +fs(1,0) + - (n(D) ol ) — WD) ) = 0,

2
_ L Kl _ _
8tfl(t,W) + llfl(t7w) + 7 (n(t)fl-i-l(taw) - n(t)fl—l(tvw)) =0 forl> 27
n(t) = fit,w)dw.
w€eR
As f is real, we have f_l = E, so that the study for [ > 1 suffices to characterise the evolution.

On the linear level, we see that all modes decouple. The first mode evolves as

O fi(t,w) +ifi(tw) - %@g(m =0,

ﬂ(t) = fl(taw)dwa
weR

where g is the Fourier transform of the velocity marginal g, and for [ > 2 the evolution is
O filt,w) +ilfi(t,w) = 0.

In 1991 Mirollo and Strogatz [148] did a formal spectral analysis, where they find a
continuous spectrum along the imaginary axis. For a symmetric, unimodal, absolutely
continuous velocity distribution, they find that there are no poles for couplings below the
critical coupling K. = 2(K7g(0))~t, which they called neutral stability. In fact, together with
Matthews [149], they noticed in 1992 that the structure is the same as the linear Landau
damping of the Vlasov—Poisson equation for one mode (1.6) and concluded that the observed

stability in numerical experiments follows Landau damping.

In the early 1990s, the system was also studied in the case of white noise acting on 6 [138],
which creates a dissipative term in strong topology. Using this dissipation, the nonlinearity can
be handled and the nonlinear stability was obtained. Even the bifurcation behaviour at the
onset of instability could be proven using a center-manifold reduction [22, 38]. Depending on
the velocity distribution and the interaction, they have found a range of different behaviours,
especially in the case of distributions with two relative maxima [1, 21, 36, 37]. Crawford [38]
noted that the asymptotic state in the bifurcation behaviour converges to a limit as the

strength of the noise is decreased to zero, but could not justify the validity of his approach
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1 Kinetic models with Landau damping

then.

Exploiting the structure of the nonlinearity, we can in fact see
d — 1z 2 —1 2
3 L2 At @) = Kl
1=1

showing that a perturbation in this norm grows and the system is not dissipative. Using
the relative entropy, a similar results has been shown by Nordenfelt [119]. In particular,
he concludes that the perturbed system cannot relax to the unperturbed system in L?(T).
Therefore, the observed stability must be measured in a suitable weak sense, like the Landau
damping in Vlasov—Poisson.

For the stability of the partially locked states, Mirollo and Strogatz [109] considered the case
where all locked oscillators are at the stable fixed point. For symmetric unimodal distributions,
they then show again neutral stability.

In case all oscillators are phase locked, no phase-mixing occurs and strong convergence
results can be shown. However, this work focuses on the Landau damping, so that we just
refer to [28] as a starting point. The nonlinear studies are a major part of this thesis and are

reviewed in Section 1.4.

1.3.4 Ott—Antonsen ansatz

For the analysis of the asymptotic behaviour, a reduced system has been proposed, the
so-called Ott—Antonsen ansatz [122]. It consists of two steps: The first step reduces the
system to the PDE of one mode and is always applicable. The second step assumes a rational

velocity distribution in order to reduce the system to a finite dimensional ODE.

The first mode reduction starts with the observation, that the stable stationary state takes

in Fourier the form
filw) = o' (w)g(w)
for I € N and a function « : R — C. In fact, we can verify that

filt,w) = ol (t,w)g(w)

is a valid solution to the Kuramoto equation (1.11) if

Ora(t, w) + iwa(t,w) + % (n(t)az(t,w) — @) =0,

- (1.12)
Mﬂ=4a@WMww-

For a further reduction, we assume that g is analytic in the lower half plane {w € C : Sw < 0}

with sufficient decay and poles wq,...,wy with corresponding residues 27ipy, ..., 2wipps-
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Assuming that « is analytic in the lower half plane, we find by Cauchy’s residue theorem

n(t) = — Za(wi)ﬂzv

Hence with o;(t) = a(t,w;), we have found a close relation for (a;(t))M, as
q K (M
aai—&—iwiai(t)—kg ( ai(t)pi—ai(t)piozf(t)> =0 fori=1,..., M. (1.13)
i=1

For the Cauchy distribution proportional to (1 + w?)~! and the rational distribution
proportional to (1 +w*)™!, Ott and Antonsen [121, 122] and Ott, Hunt and Antonsen [123]
used this reduction to deduce the stability of the partially locked states with all locked
oscillators at the stable fixed point. In fact, as we will see in Section 5.2, imposing for the
partially locked state that « is analytic in the lower half plane is equivalent to imposing
that all locked oscillators are at the stable fixed point. With this reduction Martens et al.
[105] studied the dynamic behaviour for a bi-Cauchy distribution and the dependence on the
parameter in detail. In particular, they recover the standing waves, which were found by
Crawford [38] by a bifurcation argument around the incoherent state.

Using only the first reduction, Omel’chenko and Wolfrum [120] performed this for a general
linear stability analysis of stationary states. In their analysis, they still observe a continuous

spectrum along the imaginary axis and only discuss the existence of growing modes.

1.4 Results and perspective

The Landau damping of a plasma implies the orbital stability of the state. This orbital stability
can be proven by the construction of suitable Lyapunov functions. In the Vlasov—Poisson
equation, an early example is the stability for spatially homogeneous distributions with
isotropic and monotone velocity dependence [73, 104]. This approach has been particularly
successful in the gravitational case of the Vlasov—Poisson equation, where we refer to the nice
review by Rein [136] and the very recent work by Lemou [89], Lemou, Luz and Méhats [90]
and Lemou, Méhats and Raphaél [91].

For a perturbative approach, the linear analysis is done with norms capturing the weak
decay by phase mixing. The understanding is that the solution with regular initial data is
relaxing towards the stationary state after testing against regular test functions, where the
speed depends on the assumed regularity. In particular, the order parameter and the electric
field modes are obtained by integrating against an analytic function and thus show the decay.
As this controls the nonlinearity, we can hope that the interactions decay over time.

Very briefly, this is the result Mouhot and Villani [114] were able to show. The regularity is

measured by factoring out the free transport, i.e. they considered the problem in the so-called
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1 Kinetic models with Landau damping

gliding frame
h(t,xz,v) = f(t,z — tv,v).

In this frame, they showed that the solution converges and that the norms stay bounded.
Going back to the laboratory frame, this then shows that the solution f relaxes weakly towards
the homogeneous configuration.

On the linear level, this means that the generator L has a continuous spectrum along the

imaginary axis, however, taking ¢ and 1 as sufficiently nice functions, the function

A= {(L=N""o,0)

has an analytic continuation beyond the imaginary axis. Exactly this was used by Landau
[87] and later in the formulation with test functions by Degond [41].

Already in 1955, Van Kampen [153] draws the analogy to the quantum scattering problem,
where such continuations are also considered. In this context the resulting poles are called
resonances and, physically, these states are considered meta-stable with a slow decay rate
(Fermi’s golden rule) [108, 134]. This correspondence might seem natural as the Schrédinger
equation, like the Vlasov—Poisson equation, is conservative and time-reversible. In 1989,
Crawford and Hislop [39, 72] also used the technique of spectral deformation developed in
quantum mechanics to understand Landau damping in the Vlasov—Poisson equation on a
linear level.

The relation to quantum scattering was also used in 1989 by Caglioti and Maffei [26] in
order to show the existence of states which exhibit Landau damping for the Vlasov—Poisson
equation. This was later revisited by Hwang and Veldzquez [74].

In the 1950s and 1960s, the school around Gel’fand [55] developed a mathematical theory
of rigged Hilbert spaces, where operators are applied to a dense subset C and considered as
mapping to C’, i.e. tested against elements of C. For the evolution problems, such a topological
view, creates an arrow of time, which is documented for the Schrédinger equation [17].

This viewpoint was taken by Chiba [31] and Chiba and Nishikawa [33] in order to understand
the stability and the bifurcation of the incoherent state in the Kuramoto equation. In the
study of the linear Vlasov—Poisson equation, this was implicitly done by Degond [41].

The basic linear behaviour was well-understood for the Vlasov—Poisson equation around the
homogeneous case, but for the nonlinear analysis [13, 114] the results needed to be quantified
in the functional setting. Following the general framework of Volterra equations, I show in
Chapter 3 how such estimates on the decay of the order parameter can be obtained in a
robust way. In particular, we can also handle algebraic decay easily, simplifying for example
this linear part in the treatment of the Vlasov-HMF model by Faou and Rousset [52].

For the Kuramoto equation, Chiba [31]? first studied the damping around the incoherent

state and its bifurcation through a center-manifold reduction. In his study, he only considered

2Note that a preprint already appeared in 2010 on the arXiv 1008.0249.
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a Gaussian and rational velocity distribution and constructed complicated functional spaces
specialised to the velocity distribution. In the autumn of 2014, the preprints by Fernan-
dez, Gérard-Varet and Giacomin [53] (arXiv 1410.6066, 22 Oct 2014), myself [46] (arXiv
1411.3752, 13 Nov 2014) and Benedetto, Caglioti and Montemagno [14] (arXiv 1412.1923, 5
Dec 2014) appeared on the arXiv and study the behaviour of the incoherent state. Benedetto,
Caglioti and Montemagno [14] showed exponential damping for analytic perturbations for a
small enough coupling constant. Fernandez, Gérard-Varet and Giacomin [53] linked the linear
stability to the nonlinear stability under perturbations of Sobolev regularity with algebraic
damping, following Faou and Rousset [52]. My work is presented in Chapter 4 and I noticed
that the spatial modes decouple so that more adapted norms can be used. This allowed me
to prove a global stability result, nonlinear stability from linear stability under Sobolev and
analytic regularity with the appropriate rate and a center-manifold reduction to show the
bifurcation behaviour.

Together with Bastien Fernandez and David Gérard-Varet, we adapted the norms to
investigate the stability of inhomogeneous states. We achieved to find an appropriate linear
stability criterion and to show the nonlinear stability, which is presented in Chapter 4 and
[45].

Despite this progress, many questions about Landau damping remain unanswered. Staying
with the basic Kuramoto equation, a question following naturally is the study of standing
waves, which are time-periodic solutions.

Considering other models with Landau damping, our result on the stability of an inhomo-
geneous state through Landau damping is, to the best of my knowledge, the first such result.
Therefore, it would be very interesting for future work to extend this result to other models.
A first step could be the study of modifications of the Kuramoto equation, e.g. with inertia or
with higher harmonic coupling, and the study of the Vlasov-HMF equation. A big goal in
this direction is the understanding of more realistic plasmas with a confinement.

A related question would be whether the stability result of inhomogeneous states can be
shown under Sobolev regularity with algebraic decay. This could be in particular of interest
as some heuristic arguments [10] suggest that the decay is generically only algebraic around
inhomogeneous data.

As a very small step towards different geometries, Chapter 6 contains a linear study for
the Vlasov—Poisson equation in a slightly more complex space geometry S3. This considered
space is the three dimensional sphere S2, which could in the long run be of interest for early
universe models explaining the cosmic microwave background (CMB) [163].

Another profound open question is the validity and derivation of the Vlasov—Poisson
equation. Here the hope could be to show the validity around stable states. Along this line,
Section 4.10 contains some basic result for the much easier Kuramoto equation. Physically,
one would also like to replace the interaction with the full Maxwell equation, where many
questions remain open.

Finally, we remark that another appearance of such damping is the 2d Euler equation, where
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1 Kinetic models with Landau damping

it is called inviscid damping. As a starting point, we refer to the recent work by Bedrossian
and Masmoudi [12], who were inspired by Mouhot and Villani [114] and managed to show

nonlinear damping around a shear flow.
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2 Mean-field limit

For a Lipschitz continuous interaction, the mean-field limit was rigorously understood as a
stability result by Braun and Hepp [23], Dobrushin [47] and Neunzert [117]. Later, Spohn [144,
145] clarified the relation to the BBGKY hierarchy, which relates to the propagation of chaos,
see also [63]. The results are well-reviewed in the physics literature [93, 143], as well as in the

mathematical literature [61, 62].

This applies to the Kuramoto equation (1.10) and we review the basic setup mostly following
Neunzert [117] in order to give a precise uniqueness and existence statement. Moreover, it
shows easily the propagation of regularity. Finally, it shows how the stability results can be

applied to finite particle systems over finite time ranges.

The application of this theory in the context of the Kuramoto equation was first reported by
Lancellotti [86] and reviewed in [28]. A similar result using moments was proven by Chiba [32].

The key idea is to note that the empirical measure

1N
uV =
“N
of a particle distribution satisfies the Vlasov equation
Oeu(t, P) + Vp - (Alu(t, )] (P)u(t, P)) = 0 (2.1)

if the particles 1,..., N have positions P; in I and evolve as

api(t) = Al (t, )] (Pi(t)),

where A[u™ (t,-)] is the vector field created by the current configuration.

For an interaction F(P, P’), we define the vector field by
Ap(P) = | PP

which becomes for the empirical measure

N
AN Z F(P,P)
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2 Mean-field limit

exactly modelling a binary interaction.

In the Kuramoto equation with phase space I' = T x R, the vector field takes the form

w+ % (neiﬂ _ne—i9)>

Alp)(0,w) = ( 0

for a point P = (f,w) and

n= / e?dp(0,w).
(O,w)el

The mean-field limit can now be understood as the stability problem for the Vlasov equation.
We assume that, in the limit N — oo, the initial configuration u~ converges weakly to a
limiting distribution p. The mean-field limit then claims that, at later times ¢, the limit
of u™N(t) is the solution of the Vlasov equation with initial data p. Formulated differently,
it means that instead of considering a particle system we can consider a similar smooth
distribution, because at later times the evolved particle system is still similar to the evolved
smooth distribution.

In this sense, we do not distinguish between a probability measure p on I' and a (distri-
butional) density f on I', which corresponds to a probability measure. As we always work
with Polish spaces, both notions are equivalent by Riesz representation theorem and are used
interchangeably. Furthermore, we denote the set of probability measures as M or M(T).

For establishing the stability, we need a suitable distance between probability measures,
which is sufficiently fine to include weak convergence so that the empirical measure uV can
converge to a smooth measure p.

A suitable choice is the Wasserstein distance [4, 160] used by Dobrushin [47], which is

defined between two measure p and v over I' as minimal transportation cost

Win) = _inf [ o yldn(ay)
TEN (V) JTxT

where N(u,v) are all probability measures 7 over I' x I with first marginal p and second

marginal v. If T is compact or with suitable moment conditions, it can be shown that W,

induces the weak topology. By the Kantorovich duality, an equivalent formulation used by

Neunzert [117] is as dual Lipschitz metric

dortn) = sw ([ otwne) - [ o),
¢€Lip(T') \Jzel zel
where Lip(T") are all Lipschitz functions on I" with Lipschitz constant at most 1. In fact the
duality shows dpy, = Wj.
In order to avoid moment conditions in the case of noncompact I', Dobrushin and Neunzert
changed the distance by changing the distance on I" to min(1, ||z — y||) between x,y € I" and
by restricting the range of the Lipschitz functions to [0, 1], respectively. By the Kantorovich
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duality, both formulations are again equivalent and we arrive at the distance

)= ot [ win (1, o = i) dn(o.)

(R )
¢:I'—[0,1],¢€Lip(T")

On the vector field A we impose the existence of finite constants Cy and Cr such that for

all points P, @ € I' and probability measures pu and v over I' it holds that

[Alp)(P) = Alp(P)I| < Cad(p, v)

and

[A[u](P) = Alu](@)] < Cr [|P = Q.

We note that for bounded Lipschitz interaction kernels F', we can always find such constants
and over compact I" without the modification of the Wasserstein distance, we can take the
Lipschitz constant of the interaction kernel as Cy and Cf.

For the solutions, we assume without loss of generality that the initial data are given at
time ¢t = 0 and we solve for RT. By the assumptions on the vector field A, we have a unique
global solution for every particle system and the empirical measure p(t,-) for the solution at

time t is in the following solution space.

Definition 2.1. Let Cy be the solution space Cy,(RT, M(T')), which consists of the families
of weakly continuous probability measures on T, i.e. f € Cprq is a family {f(t,) e M(R):t €
RT} such that for every h € Cy(T) the function t — [ h(P)df(t, P) is continuous.

We call f € Cpa a solution to the Viasov equation (2.1) with initial data fin(-) = £(0,-) if
for all test functions h € C(RT x T) it holds that

/h (0, P)dfin(P / / ) - Voh(t, P) + uh(t, P df(t, P)dt = 0.
R+

For such a solution f € Cpy, the resulting vector field A[f(¢,)](P) is Lipschitz continuous
with respect to P with the global constant Cr and is continuous in time. Therefore, the
trajectories T; 5[f] : T+ I' can be globally defined as T} s[f](Q) = P(t), where P : RT — I'is

the solution to the initial value problem

In the particle model t — T; s[f™](P;(s)) is the position of the i-th particle at time ¢ given its
position P;(s) at time s. The maps T} 4(P) : I' — I' are invertible with inverse Ty ;.

By standard arguments for the scalar transport equation, the following lemma holds.
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2 Mean-field limit

Lemma 2.2. Let f € M(T). Then f € Cpq is a solution to the Viasov equation with initial
data fin(-) = f(0,-) if and only if f(t,-) is the push-forward of the initial data along the
tragectories, i.e. f(t,-) = (Tt o[f])«(fin), which is defined by

/ df(t, P) = / dfin(P)
A (Tt,0lp-])~1(A)

for every Borel set A of T' or equivalently by
[ aPas(e.p) = [ o(Ta(P)dsin(P)
r r

for every measurable function g on T.

The stability can be understood by the following estimate, which is often called Dobrushin

estimate.

Lemma 2.3. Let f,g € Cpq be two solutions with initial data fi, and gi,. Then fort € RT

holds the estimate
d(f(tv ')7 g(tv )) S e(CdJrCF)td(finy gin)-

Proof. We work with the Wasserstein formulation of the distance, but note that the proof

can be written equivalently using the dual Lipschitz formulation.

For the initial data there exists an optimal coupling i, € N(fin, gin), S0 that

A fins gin) = / min (1, |z — y]]) dmia(z, ),

I'xI’

see e.g. [4, 160]. Lemma 2.2 shows that, by the trajectories T} o[f] and T} [g], we can define
a coupling m = (T},0[f], Tt,0(g])+min between f(¢,-) and g(t, ).

This coupling gives the following bound on the distance

d(f(t ), gt ) < / _min (L r — y]) dmi(a)
- / min (L |Ts0[f](2) — T olg))]) dmin(z, )

I'xI"
< / min (1 IT;olf1(0) = Tio 1)) drnr)

+ / win (L, |T0[f1(v) — Teolg)@)]]) dmin e, ).
I'xI"

By the definition of the trajectories and the Lipschitz continuity of the velocity field, we

have the estimate
T30 f1(x) = TeolflW)Il < Tl —y|
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so that the first term can be bounded as
/F . min (1, [|Ty.0[f]1(x) = Trolf1(W)]]) dmin(z,y) < €T d(fin, gin)-
X
For the second term, we fix y and look at

Sy (t) = [ Tr.0lf1(y) — Trolgl (W)l

By definition of the trajectories we find

Ls,(6) < AL (6 )Tl f]

a Y
< IA[f (¢t )N (Ti0[f1(y)
+ I ALf(t, )](Ty0lgl () — Alg
< Crdy(t) + Cad(f(t,),9(t,-)).

Y)

—~ o~

)
)

Hence

t
5,0 < [ eI (5,9l ) d.
0
Overall, we therefore find for the distance
t
d(f(tv ')v g(tv )) < etcrd(finvgin) + / ecr(t_S)Cd d(f(87 ')7 g(sv )) ds.
0

By Gronwall, this implies the claimed bound. O

This shows the claimed well-posedness.

Theorem 2.4. The Viasov equation (2.1) is well-posed in Cpnq. In particular, for every
fin € M exists a unique solution f € Crq with initial data fiy.

Proof. The previous estimate shows uniqueness. For existence, we can use a Picard-Lindelof

type argument with the mapping T : Crq — Caq defined by

(THE, ) = (Tiolf])«fin,

which can be shown to be a contraction by the previous estimate.
Alternatively, the initial data can be approximated by empirical measures. For these
initial data, we can define a solution and these solutions have a cluster point by compactness

arguments. Such a cluster point is a solution. O

As indicated in the beginning, this proves the mean-field limit if the initial empirical measure
uN converges weakly to fi,. By the basic sampling theorem from statistics, this holds for

example if the initial configurations are drawn independently from the distribution fi,.
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2 Mean-field limit

In the case of the Kuramoto equation, the vector field A is smooth with uniformly bounded
derivatives. Hence the trajectories T} ; are also smooth as a function of I'. Thus Lemma 2.2

shows propagation of regularity.

Lemma 2.5. Let f € Caq be the solution to the Kuramoto equation with initial data fi,. If
fin has a density g, then for every t € R™ the measure f(t,-) has a density g(t,-) given by
the flow

9(t, P) = gin(t, To 4 [f](P)) div(To.[f])-

For a Sobolev norm H® with s € N, suppose that || finl|gs < 0o, then for every compact
A CR*

sup || f(¢, )]z < o0

teA

and || f(t, )]s is continuous in time.
Proof. Use the solution formula from Definition 2.1 and the smoothness of the trajectories. [J
Similarly, it directly shows that all solutions leave the velocity marginal invariant.

Lemma 2.6. Let f € Cpq be a solution to the Kuramoto equation and g € M(R) be the
velocity marginal of the initial datum fin. Then g is for all t € RT the velocity marginal of

f(tv')'

Proof. By Lemma 2.2, the solution is f(¢,-) = (Tt,0[f])«(fin) and the trajectories leave the

velocity marginals invariant. O
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3 Volterra integral equations for linear

stability studies

3.1 Duhamel reduction

The success of Landau’s approach in solving the linearised Vlasov—Poisson equation crucially
depends on the ability to close the evolution on the decoupled density modes. In the Kuramoto
equation, we can similarly find a closed equation for the order parameter under the linear
evolution. In both cases the evolution over time can be expressed as Volterra equation, which

can be derived in a general framework by the Duhamel principle.

For the general framework, let y(¢) be the state of the system at time ¢. For example, in
the case of the Vlasov—Poisson equation we study each spatial mode separately and for one
mode [ we would take y(t) = fi(t,-). In the Kuramoto equation we take y to be the first
spatial mode fl for the study around the incoherent state and the full density for the study

around partially locked states.

In the studied mean-field limits, the system y evolves according to a first-order transport
equation whose coefficients depend through a generalised macroscopic density m on the current
state y. We assume that 1 depends linearly on y and our aim is to close the evolution for
7. In the example of the Vlasov—Poisson equation, this are the density modes and for the

Kuramoto equation the dynamic is reduced to the order parameter.

Considering y as perturbation of a stationary state, the linearised evolution is given by the
linear generator L as
d
—y(t) = Ly.
V0 =Ly
The operator L can be split in two parts L = Ly + Lo, where Lq corresponds to the evolution
of y due to the transport of particles as in the unperturbed system and Lo corresponds to
the deviation of the unperturbed particle profile due to the field created by the perturbation.
The effect of the field created by the perturbation on the evolution of the perturbation is of

quadratic order and therefore ignored.

Here L, is the part creating the mixing and the weak decay and Lo takes the effect of the

interaction into account, which typically works against damping.

As the coefficients of the transport equation only depend on y through the generalised
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3 Volterra integral equations for linear stability studies
macroscopic density 1, we have that Lyy only depends on 7n[y], i.e. there exists Lo such that
Loy = Lon[y].

By Duhamel’s principle the solution can be expressed as

t
y(t) = e yin +/ el!= Loy (s)ds,
0

where y;, = y(0) are the initial data. This implies for the order parameter 7(t) = n[y(t)]

t
n(t) =1 [y +/ " [e(t’s)Llizy(S)} ds,
0

which is the claimed Volterra equation. Let X be the space for the generalised macroscopic

density at a given time. Then the Volterra equation states that n : RT — X satisfies
n(t) + (kxn)(t) = F(t)  fortecRT,
where F : RT — X is the forcing given by
F(t) =n [ y]

and k x 1 denotes the convolution over R, i.e.

(k#n)(t) = / K(t — s)n(s)ds,

and k : RT — M (X, X) is the kernel with M (X, X) being the space of linear maps from X
to itself and is given by

k(t)v = —n [etLlfjgy] forve X.

For a scalar valued generalised macroscopic density 7, i.e. X = C, the kernel is just a factor,
ie. k: Rt — C. For the more general case X = C% we can express k as matrix valued
function, i.e. k : RT s C4*4,

Under the Laplace transform in time, this reduction yields an algebraic equation, as the
convolution integral becomes a multiplication. As discussed in Section 1.2, this reduction was

used and solved by Landau for the Vlasov—Poisson equation.

For the Vlasov—Poisson equation around a spatially homogeneous state, the Volterra

equation for the density p; for a spatial mode [ has the forcing

F(O) = [ (Fao)e™ "o = (Fu(1)
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3.2 Finite-dimensional Volterra equations

with the Fourier transform fin in v as

(fin)i(§) = /Rd(fin)z(v)e*ig'”dv.

Assuming that the interaction k * 7 can be controlled, this shows that the density mode
has the same decay and regularity as fin. Indeed, the remaining chapter shows that the
interaction can be controlled apart from possible eigenmodes. The same discussion also holds
for the Kuramoto equation, cf. Sections 4.3 and 5.4.

In the case of the Vlasov—Poisson equation around a spatially homogeneous configuration,
this viewpoint was already suggested by Penrose [128] in 1960. In this setting, we study each
mode separately and the density is a scalar. We remark that some authors also formulate the
linear analysis in terms of the electric potential or electric field. As the modes only differ by
constant factors, this is equivalent. For perturbations around general configurations, Maslov
and Fedoryuk [106] noted that the full electric field satisfies such a Volterra equation.

In the Kuramoto equation, this reduction was noted in the first paper of Landau damping
around the incoherent state by Strogatz, Mirollo and Matthews [149] in 1992. Around general
stationary states, this operator splitting has been used by Mirollo and Strogatz [109] and
Omel’chenko and Wolfrum [120] on the level of the resolvent.

3.2 Finite-dimensional Volterra equations

For the Vlasov—Poisson equation, Penrose [128] noted that the general theory of scalar Volterra
equations can be applied to give a rigorous proof of linear stability. He refers to the basic
Paley—Wiener theorem [124]!. We will present in this section the core results and note that
the results extend to finite-dimensional Volterra equations. We will present the results in
this framework following the very nice presentation of the book by Gripenberg, Londen and

Staffans [65].
Thus we study the equation

y(t) + (kxy)(t) = F(t) fort € RT (3.1)

for y : Rt = C?, where F : Rt — C% is the forcing and k : Rt — C%*? is the matrix-valued
kernel. Throughout we will assume that d is finite.
The convolution is a very well-behaved associative operation. Its size can be controlled by

the Young inequality.

Lemma 3.1. Let X =R or X = R*. Ifa € LY(X) and b € LP(X) for p € [1,00], then
axbe LP(X) with

lla* bl Lo (x) < llallrx) 10l (x)-

1This Paley-Wiener theorem is unrelated to the more famous Paley-~Wiener in Fourier analysis.
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3 Volterra integral equations for linear stability studies

The proof is a direct application of the Cauchy-Schwarz inequality, cf. Theorem 2.2 of
Chapter 2 of [65], which also contains more cases.
For the solution, we define the resolvent r which plays a similar role as that of a fundamental

solution. Stating Theorem 3.1 of Chapter 2 of [65], we have:

Lemma 3.2. Let k € L (Rt ,C¥?). Then

loc

r+kxr=r+rxk==%k

has a unique solution in Li (RT ,C%¥*4). The solution r is called the resolvent of k and

depends continuously on k in Li (Rt C4*d),

Remark 3.3. In the case d = 1, where r and k are scalar valued, we have rx k =k *xr. In

general this, however, does not hold for matrix value r and k.

Proof sketch. Assuming two solutions r and 7, we have by associativity that
r=k—kxr=k—(F+r*xk)xr=k—Txr—7x(kxr)=k—7xr—7Tx(k—r)=r,

which shows the uniqueness.
By the uniqueness, it suffices to construct a solution over [0, 7] for an arbitrary T € R*.

Moreover, note that the relation for » and k holds if and only if it holds for r* and k¢, where
ro(t) = e “r(t) and k*(t) = e~ “'k(t).

For suitable large a, we can assume ||k®||11 0,77y < 1 and then a solution is
OED Y aCORS O
j=1

The resolvent can be used to solve the Volterra equation. For this we quote Theorem 3.5 of
Chapter 2 of [65]:

Lemma 3.4. Let k € Ll (RT,C¥9). For any F € L. _(R*,C%*%), the equation (3.1) has a
unique solution y € LL _(RT,C¥) which is given by

loc
y(t) = F(t) = (r= F)(1).
Proof sketch. If y is a solution, then

F=y+ksxy=y+@r+rsk)xy=y+rxy+rx(F—y)=y+r=*F

showing the claimed form of the solution. Using the relation between r and k, we can directly

verify that the given formula is indeed a solution. O
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3.2 Finite-dimensional Volterra equations
Taking the Laplace transform of (3.1), we find the relation

(Ly)(2) [1 + (LE)(2)] = (LF)(2)-

This suggests that we have eigenmodes at 1 + (Lk)(z) = 0, and otherwise we transfer the
decay of the forcing F' to the solution y.

The growth of a solution of the Volterra equation can be characterised by the integrability.
If the resolvent satisfies » € L*(R*,C%*?), then the Young inequality (Lemma 3.1) shows
that the solution y is controlled by the forcing F' as

lyllr®+) < (1 + 7l @+y) 1F e ®+)

for p € [1,00]. Indeed if such an inequality holds for p = 1 or p = oo, we must have
r € LYR*,Cdxd).

With the additional condition k& € L'(RT,C%*?), we can characterise the case r €
LY (R*, C4*?) precisely (quoting from [65], originally from [124]):

Theorem 3.5 (Half-line Paley-Wiener). Let k € L'(R*,C*?). Then the resolvent r
satisfying r +k*r =r +rxk =k is in L*(R*,C¥*?) if and only if
det(Id 4+ Lk(z)) #0 for all Rz > 0.
Taking the Laplace transform of the relation defining the resolvent, shows
[Id 4+ Lk(2)] (Lr)(2) = (Lr)(2) [Id + Lk(2)] = (LK) (2).

This shows that the condition det(Id + Lk(z)) # 0 is necessary.

Assuming the condition det(Id+ Lk(z)) # 0, the idea is to use the inverse Laplace transform
along $z = 0. Along this line, we can interpret this as Fourier transform. For this we quote
Theorem 4.3 of Chapter 2 of [65], where the convolution is taken over R and F denotes the

Fourier transform.

Theorem 3.6 (Whole-line Paley—Wiener). Let k € L*(R,C?*4). Then with the convolution
over R the equation
r+ksxr=r4+rxk==%k

has a solution r € L*(R, C¥™*?) if and only if
det(Id + Fk(z)) #0 for x € R.

The idea of the proof is to split & € L'(R, C%*?) into small pieces (k,),, where we can find

a solution (r,), by the series expression.

Proof sketch of Theorem 3.5 using Theorem 3.6. Given the kernel k € L*(R™T), extend it as
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3 Volterra integral equations for linear stability studies

k to R by setting k(z) = 0 for < 0. Then k € L'(R) and (Fk)(z) = (Lk)(iz) so that k

satisfies the assumption of Theorem 3.6. Hence there exists 7 € L1 (R) solving
Ftksi=F+ixk=F

over R. If 7 is vanishing over (—o0,0), then the convolution integrals over R reduce to the
convolution integrals over R™ and the restriction 7 = 7|g+ is the sought solution.
Imposing that 7 vanishes for (—o0,0) is exactly imposing that 1+ Lk(a) # 0 for Ra > 0.
Indeed the Fourier transform of 7 is given by
Fk(w) LE(—iw)

) = I Fhw) ~ T+ Lh(—iw)

Hence the condition on the half plane is equivalent to the condition that F7 is bounded
and integrable in the lower half plane. By a Paley—Wiener theorem of Fourier analysis [137,
Theorem 19.2], this holds if and only if # vanishes on (—o0,0).

For a direct prove, split 7 as 7 = 7#_ + 7 where 7_(z) = 7 (—x) = 0 for x > 0. Then

(FF)(w) = Lk(—iw)

1t Lh(—iw) (Fry)(w)-

By the assumption the RHS is a bounded and analytic function of w in the lower half plane,
while the LHS is a bounded analytic function on the upper half plane. Hence both sides can

be extended as bounded entire function and thus must be zero. O

In general, we can precisely identify the modes for which the condition fails.

Theorem 3.7. Let k € L'(R") and suppose
det(Id + Lk(ix)) # 0 for z e R.

Then the solution to the Volterra equation (3.1) is given by

v =F O~ [ alt - 9F() ds

with
n pifl
q(t) = T‘S(t> + Z Z bi,jtje/\it,
i=1 j=0
where q is vanishing for negative arguments and s satisfies ||rs|| 1) < 00 and A1, ..., A, are

the finitely many zeros of det(Id + (Lk)(2)) in Rz > 0 with multiplicities p1,...,p, and b; ;
depends on the residues of [Id + (Lk)(2)]7! at \;.

In Rz > 0 the Laplace transform Lk is analytic and by the Riemann-Lebesgue lemma

Lk(z) — 0 as |z| — oo for Rz > 0. Hence we can only have finitely many zeros. The remaining
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3.2 Finite-dimensional Volterra equations

part follows from the proof of Theorem 3.5 identifying the poles, cf. Theorem 2.1 of Chapter
7 of [65)).
For possible growth, which can be algebraic, if the characteristic equation det(Id+ &(2)) =0

has solutions on the critical line 8z = 0, we refer to Section 7.3 of [65]. In the homogeneous
Vlasov—Poisson case, also the paper by Backus [7] contains some direct computations and he
also considered conditions slightly different than k& € L'(R). However, for our systems this

condition is extremely weak compared to the assumptions needed to control the nonlinearity.

There is no general bound for the norm ||7|| 1 (g+) of the resolvent by Theorem 3.6. However,
with mild extra conditions, the proof is constructive with an explicit bound, which is stated
as Theorem 6.1 of Chapter 2.1 in [65].

Theorem 3.8. Let k € L'(R) with

Sg%l(ld +(Fk) (@) =q < oo,

where Fk is the Fourier transform of k and let T, 0 satisfying

1
kt)|dt < —
/M' (O]t <

and

-

sup /OO |k(t) — k(t — s)|dt <

0<s<d J—x

then the resolvent r of k satisfies
7l my < (81647 |IK|| L1 ) 811Kl L1 () /6] + 6) ql|El| L1 (m)-

Here [a] is the smallest integer > a. For the application in the Vlasov—Poisson equation,

we formulate the following direct corollary.

Corollary 3.9. Given constants v > 0, u > 0, Cy,Cp,Cp there exists a constant Cr such
that the resolvent r € L*(RT) satisfies

7l m+) < qChr,

where

a=sup |[1+ (£R)(iy)) .
yeR

for all kernels k € L*(R™) satisfying

Iy < Cu, / (t)] dt < CLT 6T, / e(t + 5) — k(£)] dt < Cps
T 0
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3 Volterra integral equations for linear stability studies

and

(Lk)(z) £ -1 for Rz > 0.

In order to discuss the decay, it is helpful to introduce the weighted spaces LP(X, ¢) by the

norm

1/p
Pd f 1, :
I fllzrx.0) = 1 fOllrx) = (/xexlf(w)fb(w)l x) or p € [1,00)

esssup,e x | f(2)|o(x) for p = oo,
where ¢ : X — RT is a weight function. In particular, we use the exponential weight
exp, : * — . By noting that exp,(t)k(t) and exp,(t)r(t) satisfy the same relation as r
and k, we can shift the results in the complex plane. For example for Theorem 3.5, the
result becomes that r € L'(RT, exp,) if and only if det(Id + Lk(z)) # 0 for Rz > —a under
ke LY(RT,exp,). Likewise, the Young inequality then shows that the solution y is controlled
by
9]l 2o et exp,) < (LA 7l 1@t exp)) 1 F | o @t exp,)-

which expresses exponential decay.

For functions with bounds in Sobolev norms, the Fourier transform decays algebraically.
For this case, we introduce for A > 0 and b > 0 the weight

pap(r) = (A+2)° for x >0

with the short-hand p, = p1p.
The weight p;, is sub-multiplicative over R*, i.e. for x,y € R* there holds py(z + y) <

pu(x)pp(y). This implies that the Young inequality can be adapted as

lla bl Lo @+ py) < lallt @+ py) 10l Lo @+ py)-

Moreover, we find its asymptotic rate as

iy 08 (P (1))

t—00 t

=0.

This means that the weight grows subexponentially so that the stability depends on the poles
in the region Rz > 0. Applying Corollary 4.7 of Chapter 4 of [65], gives the precise statement:

Theorem 3.10. Let k € L*(RT,C¥*? p). Then the resolvent r is in L*(RT,C¥*? py) if
and only if
det(Id + Lk(z)) #0 for Rz > 0.

The basic statement is also called Gel’fand’s theorem and proved non-constructively by

Banach algebra techniques.
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3.3 Linear analysis for the Vlasov—Poisson equation in flat space

3.3 Linear analysis for the Vlasov—Poisson equation in flat

space

For the Vlasov-Poisson equation on the torus as introduced in Section 1.2, each spatial mode

l € Z% decouples on the linear level. In the linearised evolution the potential

¢z:Wzﬁl:Wl/ fi(v) dv

vER?

satisfies the Volterra equation
Gu(t) + (ki i) (t) = Fi(t)

with the kernel
ki(t) = foe (1) Wil |2t

and forcing
Fi(t) = Wil fin)i (1),

where we use the Fourier transform in both variables x and v denoted by * (instead of ~ for

the transform only in the spatial variable), i.e.

fst(g) = /ERd e—if-vfst(v) dv

and

(fin)i(§) = /Td y emibeTitv £ (z,v) dz dv.

For each mode, we can therefore use the Paley—Wiener theorem to obtain the linear stability,
which gives a rigorous proof of linear Landau damping. For the study of the Vlasov-HMF
equation with finitely many Wl, the non-quantitative control versions of Theorem 3.5 for
exponential decay and Theorem 3.10 for algebraic decay yield a uniform control of the linear
evolution. This is analogous to the handling in the Kuramoto equation around the incoherent
state, cf. Section 4.3.

For the full Vlasov—Poisson equation, a quantitative version is needed. In this we just

suppose that there exists a constant Cyy and v > 0 such that the coefficients satisfy

Cw

ie= for | € 7. (3.2)

W] <

Mouhot and Villani [114] and Bedrossian, Masmoudi and Mouhot [13] introduce the stability
condition (L) quantifying the needed regularity of the spatially homogeneous background
distribution f5;. Emphasising that the bound on the resolvent is only needed along the critical

line, we state the condition slightly different as condition (L’).
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3 Volterra integral equations for linear stability studies

Definition 3.11. A wvelocity distribution fs satisfies the stability condition (L') with rate
A\ > 0, if there exists constants Cy, X > X, q and an integer M > d/2 such that

fa©@| <

HM(Rd) —

and for alll € 7% and Rz > —\
M(z,1) # -1

and for alll € Z* and Rz = —\
1+ M0 > g

where

M(z,l):£k1(|l|z):/ Gl WAlIPE e
0

Here (¢) denotes the regularised weight

(§) = V142

Compared to the original condition (L), the bound Cy on ft is formulated in an equivalent
norm in order to avoid more notation. Furthermore, the condition on the poles is stated in
our convention of the Laplace transform. Finally, (L) states that |1 + M(z,1)|~! > ¢ holds
for all Rz > —\, which is equivalent by the maximum principle of analytic functions.

The stability condition scales the Laplace transform depending on the mode in order to
use that perturbations decay under the free transport with rate A|l| in the spatial mode I, i.e.

faster in larger spatial modes. The stability condition captures this decay.

Theorem 3.12. Let f(v) satisfies the stability condition (L'), then there exists an explicit
constant Cr = Cr(Co, \, \, q) such that the Volterra kernel k; for the potential of every spatial

mode | € Z¢ has a resolvent r; satisfying

Hﬂ(t) et

< Ch
nw ~F

For the proof we note the following immediate consequence of the Sobolev inequality.

Lemma 3.13. Let fs satisfy the stability condition (L'). Then there exist constants
Cs, Ca, o0 > 0 such that for all z € R?

’fst(Z)eMZ) < Cu

and for y € R?

faly + 22042 = ()22 < Colyl*.

In order to prove Theorem 3.12, we now just need to check the bounds on the scaled kernel
k)lk(t)eM”t.
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3.3 Linear analysis for the Vlasov—Poisson equation in flat space

Proof of Theorem 3.12. Using the previous lemma, we find

Hkl(t)ek‘llt

< COO/ e MO |12 A gt
LL(R)* 0
< COOCW|1|1—7/ e~ =Ml gy
0
< CosCw |l 7YX = N2,

which is uniformly bounded over [ € Z¢ using (3.2) with v > —1.
Similarly

/ |kz(t)|eA|”tdtSCOOCW|Z|1*7/ o= =Nty g4
T T

which gives the required uniform bound.

For the variation, use the previous lemma to find for s, € R™

Faa (Ut + s))eMH+s) _ £yt < e~ =Ml

Fa(U(t + 5))er 0 Hrs fst(lt)e”m’
< o~ ANl {02|ls|a + 01— AT s=X{U(t+5)) H
< 036—(X—A)u|t‘l|sa

for a constant C'5 and reducing « to a < 1 if needed.

Hence we find

/ [t 5)e1E0) k(1)1
0

S OW|Z|1_’Y/ ’(t + S)fst (l(t + s))eMll(t"‘s) _ tfst(lt)e)\mt dt
0

gcwml-v/ s
0

< C4|l‘_’78a

FalU(t 4 5))e10

| fala(e + 5)ME) — f @ty at

for a constant Cy. Hence the theorem follows from Corollary 3.9. O

In this approach to the linear analysis we focus on the resolvent which only depends on the
stationary state. This is the result of Theorem 3.12 during which we exclude possible poles.
With the resulting bound on the resolvent we can then directly conclude stability results for
a large class of norms by an adapted Young inequality. This is in contrast to the work by
Mouhot and Villani [114] and Bedrossian, Masmoudi and Mouhot [13], where the results are
directly obtained from the Fourier transform of the solution.

As possible weights w; for mode [, impose that there exists a constant C); such that

wi(s +t) < CrreMswy(t). (3.3)
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3 Volterra integral equations for linear stability studies

Adapting the Young inequality, we immediately find the following lemma.

Lemma 3.14. If the weight w satisfies (3.3) then for p € [1,00] and | € Z4
[wi(t)(r % FO) ()] 2o @y < Carllre(0)eX || pa @) llwn (8) i (8) | oy

Proof. For p < co we use Jensen’s inequality to find

[eS) p [e'S)
/ wy(t)? dt <%, /
t=0 t=0

[ee] t
< ||Imi(t) e*'”tHLl(Rﬂ / / lwy (t — 8)|P|Fy(t — s)|P|rl(S)|e>\\l|8ds dt
0 0

t P
/ wy(t — s)Fy(t — s)eMer(s)ds| dt
0

/t Fi(t — s)ri(s)ds
0

from which the inequality follows by a change of variable. For p = oo, we can use the direct

estimate. O

Bedrossian, Masmoudi and Mouhot [13] use the following weight for Gevrey regularity
wy(t) = Ay(1,1t) = >OGIT (] 11)s

for s € [0,1]. If A(t) is decreasing, we see that the weight satisfies (3.3) as follow:
e for s <1 any A > 0 works with any A(0),
e for s =1, we need A > A(¢) eventually.

Remark 3.15. This shows that there is a distinction of the obtainable rate between the cases
s<1lands=1.
Now their linear estimate, Lemma 4.1 in [13], becomes an easy corollary of Theorem 3.12
and Lemma 3.14.
Corollary 3.16. If the stability condition (L') is satisfied, then the solution ¢; to the Volterra
equation from the linear evolution satisfies
oo

/ Tt < © / wi ()’ Fi (1) 2dt
0 0

for an explicit constant C'.
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4 Stability of the incoherent state in the

Kuramoto equation

This chapter studies the behaviour of the Kuramoto equation around the incoherent state
and is mostly published in [46].

4.1 Overview

The structure of the Kuramoto equation can best be understood by taking the Fourier

transform in both variables. The transformed density f is explicitely given by
fi(6) = / e T £ (9, w) dfdw.
TxR
For the transformed density f , the evolution equation (1.10) imposes the time evolution

Ot €) =10 fu(t,€) + % (10 fimr(2.8) =m0 fia (9))
n(t) = f-1(0) = f1(0).

Since f is real, f,l(—f) = fl(é), so that it suffices to consider [ > 0.
The spatially homogeneous distribution is characterised by vanishing non-zero moments, so
that the stability of the incoherent state is equivalent to the decay of f restricted to [ > 1.

The restriction is denoted by u which satisfies

O (1,6) = Deun (1) + 7 [0 9(6) — (1) wa(1,6)]
Bpuy(t,€) = 10cu(t,€) + K?l [wul,l(t,g) — () um(ﬁ,g)} for1>2,  (41)

Tl(t) =u (tv 0)7

where ¢ is the Fourier transform of the velocity marginal.

The interaction at (t,1,€) is given by uy(t,0) = n(t) and w1 (t,€). This localisation of the
interaction means that the constant mode | = 0 with § = fo decouples the positive modes
I > 0 and the negative modes [ < 0.

In this formulation the free transport always moves £ — (¢, &) to the left. Hence with
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4 Stability of the incoherent state in the Kuramoto equation

M >0, the region N x {£: £ > —M} is its own domain of dependence. This already suggests
to use norms focusing on £ > 0 in order to show convergence.
For the global energy estimate, we note that the interaction is skew-Hermitian except for

the first mode. Thus we consider the energy functional

1) = /E X Tt O Pole)e (12)

0>1

where ¢ is an increasing weight. To prove the first result of this chapter, we balance the gain

of the first linear interaction term with the decay by the increasing weight.

Theorem 4.1. For a velocity distribution g € M(R) suppose fooo |6(€)|d€ < 0o and let

2

Kec = 0 A st
Je—o 13(€)1dg

If the coupling constant K satisfies K < K., then there ezists a finite constant ¢ > 0 and a
bounded increasing weight ¢ € C1(R™Y) with ¢(0) = 1, so that for a solution to the Kuramoto
equation with velocity marginal g the energy functional I(t) defined by Equation (4.2) satisfies

I(t) + / In(s)|2ds < 1(0)

for allt € R*. In particular this shows that I is non-increasing and the order parameter n

satisfies

/ In(s)[2ds < ¢ 11(0) < oo.
0
If, moreover, the initial distribution fi, is in L*(T), then I(0) < ||¢|loo |l finll3-

The linear evolution of u is determined by

O (1,6) = Deun (1) + 5 (1,0)9(€),

(4.3)
O (t,€) = 10w (t,€) for I > 2.
Hence under the linear evolution, the order parameter satisfies the Volterra equation
n(t) + (ks n)(t) = (uin)1(t) (4.4)
with the convolution kernel K
K(t) = —5-9(0) (4.5)

From the discussion in Chapter 3, we can immediately express the stability by the resolvent
r of the Volterra equation. Recall the weights used to measure the decay, exp,(x) = e** and

pas(x) = (A+x)" with p, = p1.
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4.1 Overview

Theorem 4.2. If for a € R we have § € L*(R* exp,), then r € L*(R*,exp,) is equivalent
to (Lk)(z) # —1 for all z € C with Rz > —a.

If for b > 0 we have g € L*(R*,py), then r € LY (R, py) is equivalent to (Lk)(z) # —1 for
all z € C with Rz > 0.

Hence the linear evolution of the order parameter is stable if (L£k)(z) # —1 for all z € C
with Rz > 0. By bounding the absolute value, we see that if K < K. the system is linearly
stable. In case of the Gaussian or the Cauchy distribution, § is always positive so that K.
equals the critical coupling.

Like in the Vlasov equation [128], this condition can be related to a Penrose criterion for
the complex boundary, which also visualises how often the condition fails. Under this we can
also relate the stability to the known condition [148, 149].

For small perturbations, my second main result is the nonlinear stability of the incoherent
state. In a first version we propagate control in

supsup |u; (t, £)[e®EHH/2),

1>1 ¢€R
Theorem 4.3. Let g € M(R) and a > 0 such that § satisfies the exponential stability
condition of rate a in Theorem 4.2, i.e. g € L'(RT, exp,) and (Lk)(z) # —1 for all z € C
with Rz > —a. Then there exists a § > 0 and finite ¢; such that for initial data fi, € M(T)
with velocity marginal g, Fourier transform ui, and M, := sup;cy supgcp |(uin)1(€)[e < &

the Fourier transform wu of the solution to the Kuramoto equation with initial data fi, satisfies

sup sup sup |ul(t,§)\e“(5+”/2) < (14 c1)Miy.
teR+ 1>1 €€R

In particular, this shows that the order parameter n(t) = ui(t,0) decays as O(e~/?).

For the algebraic decay we propagate control in

1+&+1t)°
2 2 IO e
Theorem 4.4. Let g € M(R) and b > 1 such that § satisfies the algebraic stability condition
of parameter b in Theorem 4.2, i.e. § € LY(R* py) and (Lk)(z) # —1 for all z € C with
Rz > 0. For a > 0 satisfying b > 1 + «, there exists 6 > 0 and finite v1 such that
for initial data fi, € M(T) with velocity marginal g, Fourier transform uy, and M, =
SUP;eny SUPgep+ | (Uin)i(€)[(14€)" < 6 the Fourier transform u of the solution to the Kuramoto

equation with initial data fin satisfies

(1+&+1t)°
sup sup sup |u(t,&)|————— < (1 + M;,.
te]RIJ)r lZIfEERIzr | l( 5)‘ (1 + t)a(l_l) ( ’Yl)

In particular, this shows that the order parameter n(t) = u1(t,0) decays as O(t™?).
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4 Stability of the incoherent state in the Kuramoto equation

Note that the exponential and algebraic controls are one-sided and thus do not control the
L? or Sobolev norm in the original space. This explains why we can have decay with these
norms, even though there is no decay of perturbations in the L? norm and the linear system
is only neutrally stable [148]. For the application, however, the Sobolev norm W% controls
M;, and g € WY1 ensures the required decay of §.

For all b > 1, we can choose a suitable « such that the algebraic stability result holds. On
the linear level, the damping holds for all b > 0 and the threshold b = 1 is a technical result
of the nonlinear estimate.

If the stability condition fails, we can identify growing modes in the Volterra equation,

which is the direct reformulation of Theorem 3.7.

Theorem 4.5. For a € R suppose that § € L*(R*,exp,) and that the convolution kernel k
defined by Equation (4.5) satisfies (Lk)(z) # —1 for z € C with Rz = —a. Then the solution
to the Volterra equation (4.4) is given by

n(t) = (uim)a () — / "t — 5) () (5) ds

with
n pi—1
q(t) = Ts(t) + Z Z biyjtje)"it
i=1 j=0
where q is vanishing for negative arguments and r, satisfies ||7s|| L1 (R.exp,) < 00 and A1, ..., Ay

are the finitely many zeros of 1 + (Lk)(z) in Rz > —a with multiplicities p1, ... ,p, and b; ;
depends on the residues of [1 + (Lk)(2)]7% at A;.

This says that the linear evolution is governed by eigenmodes t/e*? for i = 1,...,n and
j=0,...,p;, — 1 and a remaining stable part ;. The previous linear stability theorem is
included in this formulation as r = r,.

If g € LY(RT,exp,) for a > 0, this shows that if the stability condition fails, there exists an
unstable mode. Without extra assumption, for every a < 0 we have § € L*(RT, exp,) because
g is a probability distribution. Hence, unless we are at the critical case, we have unstable
modes if the stability condition fails. Therefore, the linear stability condition is sharp.

The additional restriction (Lk)(z) # —1 along the line Rz = —a is very weak, because, if
g € LY(R*, exp,), then (Lk)(2) is analytic for Rz > —a and by the Riemann-Lebesgue lemma
vanishing as |z| — co. Hence we can choose a smaller a’ such that |a — a’| is arbitrarily small
and the theorem applies.

The eigenmodes of the Volterra equation can be related to eigenmodes z) ; of the linear
evolution (Equation (4.3)) on C'(N x R). These eigenmodes are vanishing except in the first
spatial modes where they satisfy (zx ;)1 € L (R, exp,).

For the center-unstable manifold reduction we therefore look for solutions in

Z={ue C(NXR): |ulz« < oo}
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4.1 Overview

with

|lu|]| z« = sup ||ulHL°°(R,expa) = sup sup ea5|ul(§)\.
1>1 1>1 €eR

The nonlinearity is not controlled in Z¢, but within
VP={ue CNxR): ||u||ly. <o}

with
e

[ullya = sup ™[]l Lo @ exp,) = supsup —[u(€)]-
>1 I>1 €€R

By a spectral analysis we can find a continuous projection P, from Y* to Z2, := (2, 1 i =
1,...,nand j=0,...,p; — 1) with complementary projection P, mapping Z% to Z% and }*
to Y¢. The image of P, is invariant under the linear evolution and decaying with rate a. In
fact the higher modes decay quicker in this norm, so that the solution to the linear evolution
with forcing in V¢ is within Z¢.

Hence the theory of center-unstable manifold reduction [68, 154, 155] applies and we can
reduce the dynamics for the local behaviour. This is my third main result and here we also
consider K as variable in order to discuss the asymptotic result for couplings K close to a
fixed coupling K..

Theorem 4.6. Given a > 0 and g € M(R) with § € L*(R*,exp,). Let K. be a coupling
constant such that Theorem 4.5 applies with center-unstable modes A1, ..., \, satisfying
RN >0 fori=1,...,n. Fork €N there exist » € C*(2%, x R, Z%) and § > 0 such that for
le| <6 the manifold

Me={y+9(y,e) 1y € 25}

18 tnvariant and exponentially attractive under the nonlinear evolution with coupling constant
K = K, + ¢ in the region {u € Z%: ||ul]|z« < d}. Moreover, the derivatives of v can explicitly
be computed at 0.

Hence we can reduce the dynamics around the spatially homogeneous distribution to the
finite dimensional dynamics of M.. We demonstrate the application by recovering Chiba’s
bifurcation result for the Gaussian distribution [31]. In particular, it shows the nonlinear
stability of the partially locked states close to the bifurcation.

The key point for the center-unstable manifold reduction is the use of the regularity in
the natural frequency w. This allows the use of the weighted space Z¢ on which the linear
generator does not have a continuous spectrum along the imaginary axis, as seen in earlier
linear analysis [148]. Instead the linear evolution decays with rate al in the Ith spatial mode
except in the first mode [ = 1, where a discrete spectrum can arise. Thus the effect of using
Z® is very similar to adding white noise [138] of strength D to the system and in the case
D > 0 the stability and center manifold reduction have been done [22, 38, 148].

We remark that the use of Z¢ is compatible with adding noise and thus for sufficiently
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4 Stability of the incoherent state in the Kuramoto equation

regular velocity distribution the center-unstable manifold reduction can be used to study the
bifurcation behaviour with the noise strength D as additional parameter in the limit D — 0.
The behaviour of the amplitude equations in the center manifold reduction in this limit is
reviewed in [147, Section 11] and this explains why taking the limit D — 0 gave the correct
behaviour for regular distributions [38]. Note that even in this case the order parameter can

decay faster than rate D through the Landau damping mechanism.

In order to understand the norm Z¢, which is also the measure for the perturbations in
Theorem 4.3, we relate the norm to the analytic continuation in the strip {z € C: —a <
Sz < 0} of the complex plane. Here we can demonstrate explicitly that for suitable velocity
marginals the partially locked states have finite norm in Z and are small perturbations if
their order parameter 7 is small. In particular, this shows that partially locked states with
a small 7, which are observed as asymptotic state for a coupling constant K just above K.,
are exponential damped if the coupling K is below K., cf. Theorem 4.3. This is particularly
interesting, because these partially locked states are not regular in general, e.g. they do not

even have a density.

The exponential stability of the incoherent state and the convergence in Z¢ to the reduced
manifold do not imply convergence in L?. Nevertheless, we can relate it to weak convergence

for sufficiently nice test functions because the Fourier transform is bounded.

In case of the algebraic stability (Theorem 4.4), the convergence is very weak but we can
conclude fooo [n(t)|dt < co. Going back to the original equation, this shows control in the

gliding frame and weak convergence of the phase marginal.

The used exponential norm can also be used to discuss the convergence to the Ott—Antonsen

reduction from Section 1.3.4, see Section 4.9.

The linear stability can also be used to show direct results on a finite particle model
showing a better control on the order parameter compared to the normal mean-field theory,

see Section 4.10.

4.2 Solutions in Fourier space and uniqueness

The discussion of the mean-field limit (Chapter 2) shows that the Kuramoto equation has a
unique solution in Cpy for any initial distribution fi, € M(T'). Taking the Fourier transform,

we find the following theorem for the evolution of the restriction.

Theorem 4.7. Suppose fi, € M(T) with velocity marginal g € M(R). Let f € Cpq be the

solution to the Kuramoto equation. Then the Fourier transform u is in C(RT x N x R), is
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bounded uniformly by 1 and satisfies

0= [ (w0, de

leZ

K.  — Kl —
S A GIOIIOGED SE SRS TIOIIS (16)

1>2

3 | (. n00,) + (1, et~ 101, €] s

leN

for all h € C}(RT x N x R), where n(t) = uy(t,0) and § is the Fourier transform of g.

Proof. For every t € R, the distribution f(¢,-) is a probability measure, so that wu;(t,£) is
bounded by 1 and continuous with respect to £. Since f(¢,-) is weakly continuous, u is also
continuous with respect to time.

By Lemma 2.6 the velocity marginal is always ¢ so that Plancherel’s formula shows that
Equation (4.6) holds for all h € . (R* x N x R). By the density of .7 the result extends to
all h € CJ(RT x N x R). O

The free transport is a well-posed linear problem, so that Duhamel’s principle on the free
transport holds.

Lemma 4.8. Let uy, € C(NxR), g€ C(R) and u € C(RT x NxR). Fort € RT and £ € R
define

00 = (€ + )+ 5 [ A0+ (= 9) = n(s)ua(s.& + (0= 5)] ds
and forl > 2

ui(t,€) = (uim)i(§+1t)

+ %/0 [W(S)Ulfl(saf +1(t—s)) —n(s)u1(s, &+ U(t — s))} ds

where n(t) = u1(t,0). If u satisfies Equation (4.6) for all h € C}(RT x N x R), then u = v.

Proof. In the weak formulation (4.6) consider all terms except the free transport as forcing.

Then the problem has a unique solution given by v. O

For the stability and bifurcation result we construct solutions u to Equation (4.6). By the

following theorem these correspond to the Fourier transform of the mean-field solution.

Theorem 4.9. Let ui, € C(N x R) and g € C(R). Suppose u,u € C(RT x N x R) satisfy
Equation (4.6) for every h € C}H(RT x N x R). If for T € R there exists M € Rt with
a, 8 > 0 satisfying

sup [§(&)| min(1, %) < M
¢eR
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4 Stability of the incoherent state in the Kuramoto equation

and

sup supsupe A min(1,e®) max(|u(t, )|, [a (L, €)|) < M,
te[0,T] leN £€R

then u(t, ) = a(t,-) fort € [0,T].

Proof. For v > 0 consider the difference measure e defined by

e(t) = supsupe e min(1, %) |uy(t, &) — (L, ).
leN geR

Then by Lemma 4.8 for ¢t € [0,T], ] € N and £ € R we have

t
g (t,€) — @y (t, €)le” e P min(1,e%) < 2K Ml / 275 (5)e M E3) g
0

2KM
< TP sup efs).
Y s€[0,t]

Choose v > 0 and t* > 0 so that (2K M/v)e*’*t7" < 1/2. Then the above shows for ¢ € [0,*]

e(t) < = sup e(s).

s€[0,t%]

N~

Therefore, we must have e(t) = 0 for ¢t < ¢*, i.e. the solutions agree. Since we can repeat the

argument in steps of t* up to time T, this shows uniqueness up to time 7. O

By Theorem 4.7 the Fourier transform u of a solution to the Kuramoto equation satisfies

the assumptions of the previous uniqueness theorem for every a and .

Theorem 4.10. The restriction of the Fourier transform u to C(RT x N x R*), d.e. £ >0,
satisfies an appropriate weak PDE (Theorem 4.7) to which the Duhamel formula (Lemma 4.8)

applies and the uniqueness holds for the restriction & > 0 in Theorem 4.9.

Proof. Characteristics of the full equation are never entering the restricted region and the
nonlinear interaction in the restricted region is determined by the region itself. Hence the
restriction satisfies the appropriate restriction of the weak PDE Theorem 4.7 whose solution
is given by the Duhamel formula Lemma 4.8. The proof of the uniqueness theorem holds as

before when restricting £ to R everywhere. O

4.3 Linear analysis

As in the mean-field limit, the linear evolution given by Equation (4.3) is understood as PDE
for continuous solutions in the same weak sense, i.e. tested against C} functions. We denote
its evolution operator by e'%, i.e. t,1,& +— (e*Fuyy,);(€) is the weak solution to Equation (4.3)
in C(RT x N x R) with initial data u;, given at time t = 0.
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4.3 Linear analysis

Lemma 4.11. Let § € C(R). Then the evolution operator e'* is well-defined from continuous
initial data to the unique continuous solution. For uy € C(N x R) let v(t) = (e*Fuiy)1(0).
Then v satisfies the Volterra equation (4.4) with the convolution kernel from Equation (4.5)

and

(e Fuin)1 (€) = (i) (€ + 1) + / S UTa(e + 1 - 5)ds (4.7)
0

and forl > 2
(etLuin)l(S) = uin(lag + tl) (48)

Proof. The free transport has a unique weak solution, so that, as in Lemma 4.8, Duhamel’s

formula implies

(P (€) = (€ +)+ 5 [ (@036 + (- 5)ds (1.9
0

and for [ > 2
(e uin)i(€) = (um)i (€ +1t).

Taking ¢ = 0 in Equation (4.9) shows that v(t) = (e u;,)1(0) must satisfy Equation (4.4).
By the general theory of Volterra equation (Lemma 3.4), Equation (4.4) has a unique solution

and the solution is continuous. Hence the evolution operator e*” is well-defined and given by
the Volterra equation (4.4) and Equations (4.7) and (4.8). O

For the polynomial weight, we find that we can also propagate a control with the weight
pap for any A > 1 by a resolvent p; . For the completeness of the statement, we also state

the result for the exponential weight.
Lemma 4.12. Letr, f € L] (RT). Fora € R

7% Fllzoe @+ exp,) < 7llLr @t expn) 11l Lo @t exp,)
and for A>1 and b>0

”T*j”L“%R+pA¢)S'“ﬂL%R+@QHf”L“%R+pAﬁy

Proof. The exponential weight is Young’s inequality Lemma 3.1. For A > 1 and b > 0 and
teRT

|<r*f><t>|<A+t>bs/O [t — )L+ 1 — 5)°|f(5)](A+ )°ds
< Il / r(t — $)[(1+ £ — s)°ds

where we used that A+t < (141t — s)(A+ s) holds for s,t € R*, because A > 1. Taking the

supremum shows the second claim. O
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4 Stability of the incoherent state in the Kuramoto equation

With the decay of the order parameter, we can go back to the linear evolution, in order to

propagate the decay with the rate expected from the free transport.

Lemma 4.13. Let ui, € C(N x R). Then fora € R
at tL
Sglge ||(e uin)1||L°°(]R+,cxpa) < Cl”(uin)l”Loo(]RJr,cxpa)
>
with ¢ =1+ (1 + [|7[| 21 ®+ exp, ) (K/2) ||l L1 &+ exp,) and for A>1 and b >0

supsup | (e“uin)1 (&) |(A + €+ )" < Yl (win) 1l Lo @+ pa s
>0 €0

with v = 14 (1 + |7l o1 @+ py) ) (K/2) 9]l 21 (m+ py) -

Proof. By the previous lemma and the explicit formula for v, Equation (4.7) shows for £ € R

(e uin) 1)€< [l (uin) 1]l L=+ exp,)

t
K a —8)|4
+/O ?(1 17l 21 (e e ) | (Win) 1| oo (5 exp,  €2E TG + ¢ — 5)[ds,

which proves the claim.

In the algebraic case we find for £ > 0

(e uin) 1 (E)|(A+ &+ )" < [[(win)1ll Lo B+ pay)

'K (A+E+t)b .
+/0 5(1 + H7”||L1(R+,pb))||(uin)1||Lw(R+,pA,b)W\g(§ +t—s)|ds,
which implies the result as (A+&+t)/(A+s) < (1+&+t—s). O

The stability can therefore be characterised by the weighted L' norm of the resolvent. In
turn this can be characterised nicely by Theorem 3.5 and Theorem 3.10. This gives exactly
the statement of Theorem 4.2, which is thus proved.

The stability criterion 1 + Lk(z) # 0 for £z > 0 can be understood as imposing that
LG({z : Rz > 0}) does not contain 2/K. Since L§ is analytic, the argument principle shows
that this is equivalent to imposing that £§(iR) does not encircle 2/K.

For Rz > 0 we find by Fubini

oo o0 1
§(2) = ~Hg(¢)d¢ = dw.
cal) = [ e = [ gt~
By continuity of £ we thus find
A * gw) . * gz +w)
Lg(ix) —)\Eg}ro - 7i(x—w)+/\dw_lpv/_oo Y dw + mg(z),
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4.3 Linear analysis

where the last equality is Plemelj formula for continuous g and PV denotes the principal value
integral.

The curve L§(iR) starts and ends at 0, is bounded, and goes through the right half plane
where it crosses the real axis by continuity of the principal value integral. If g > 0, this shows
that it crosses the real axis at a positive value. Thus there exists a critical value K. such that
for 0 < K < K, the system is linearly stable and for K.+ ¢ > K > K. with some § > 0 the
system is unstable.

For the Gaussian distribution, we can plot the boundary explicitly (cf. Figure 4.1) and note
that for K < 2/(7g(0)) the solution is stable while for K > 2/(wg(0)) there is exactly one
root of (1 + Lk)(z) for ¥z > 0.

1- o
0.5 - -
=
3 o :
ot}
—0.5 -
_1 al | | | | | | | r

| | | | | | | |
-01 0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15
R(Lg)

Figure 4.1 — The black line shows £§(iR) with the enclosed shaded area L£§({z : #z > 0}) for

the Gaussian distribution g(w) = (27’(’)71/267“}2/2.

Already for two Gaussians with variance 1 centred at w = +1.5, we see a more interesting
behaviour (cf. Figure 4.2). Here we see that at the critical coupling two roots of (1 + Lk)(z)

appear and that for sufficiently large K this reduces to one root.
A sufficient condition for stability is

2
lglloe”

K <

In this case R(Lg(iz)) < 2/K so that L§(iR) cannot encircle 2/K and the solution is stable.
In case of a symmetric distribution with a maximum at 0, this condition is sharp for the first
instability because then (L£§)(0) = 7g(0).

Comparing the linear stability condition to possible stationary solutions, we can understand
the stability condition on the real part mg(z) as critical mass density to form an instability

while the imaginary part ensures that the order parameter has no drift.
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4 Stability of the incoherent state in the Kuramoto equation

0.6 - -

0.4 - .

—-0.2 - -

—04 - -

|
~0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
R(L3)

Figure 4.2 — The black line shows L§(iR) with the enclosed shaded area L£§({z : ®z > 0}) for
two Gaussian distributions with variance 1 and centred at w = £1.5.

For Rz > 0, the eigenmode equation

2 )
2 AR |
K /_OO r—iw
is known in literature. In particular, Omel’chenko and Wolfrum [120] consider the generalised
Kuramoto equation with a phase delay «a (Sakaguchi-Kuramoto model [139]). In the finite
model the oscillator evolve as
N
d K
&91- :wi—l—N;sin(Gj—@i—a) fori=1,...,N.

This only adds the factor e!® to the order parameter in the evolution equation. Thus all the

results on the Kuramoto equation still hold and the stability condition becomes

[ s,

K o 2 —iw

Omel’chenko and Wolfrum [120] noted that by varying « the whole shape of the Penrose

diagram can be explored and find a very rich behaviour.

4.4 Energy estimate for global stability

With the weight [~! of the spatial mode | € N, the nonlinear interaction in the evolution
(4.1) is skew-Hermitian apart from the interaction of the first mode [ = 1 with the constant

mode [ = 0. Recalling, that the free transport moves u to the left, we introduced the energy
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4.4 Energy estimate for global stability

functional I in (4.2), which we repeat here as

/52 Jun(,€) 2H(€)de,

0>1

for an increasing weight ¢, which we scale such that ¢(0) = 1.

Formally, we find

— -0 ~ [ St P e+ 2w | a0 G geterac .

>1 0>

The last term can be bounded as

9(€)
2

262(6)
o) |

Hence, we can control the functional I formally as

d
S0 < (@ = Din)

LR R
/5 ) o ¢ O

This can now be used for the global nonlinear stability. As a first step, we use an approximate

with

procedure to overcome the non-differentiability of wu.

Lemma 4.14. Let ¢ € CH(R™) be a bounded increasing weight with ¢(0) = 1 whose derivative
¢’ is bounded and satisfies ¢'(£) > 0 for £ € RT.

For the Fourier transform v € C(RT x N x R) of a solution to the Kuramoto equation with
initial density fi, € L?(T) define the functional 1(t) by Equation (4.2). Then for all t € RT

1(t) < 1(0) + (o — 1) / In(s) s

where

R e
a=" /5:0 Do

Proof. In order to overcome the non-differentiability, let x € C2°(R) be a non-negative
function with [ z)dr = 1 and let ys5(x) = 6 x(x/d) for 6 > 0. Define the mollified us
by

er X(@

(us)i(t, &) = / RXa(E — z)u(t, z)dz.

Since u is bounded by 1, also us is bounded by 1 and has a bounded derivative with respect
to & Moreover, ||(us)i(t, )|z < |lui(t,)||2-
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4 Stability of the incoherent state in the Kuramoto equation

By Lemma 4.8

(us)1(t,€) = (tin,g)1(§ +1)

+%/0 [@gg(ngt*S)*n(s) (us)2(s, &+t —s)|ds
and for [ > 2

(us)i(t, §) = (uwin,s)1(€ + 1)
+ — / (ug)i—1(s, &+ (t — s)1) — n(s) (ug)i+1(s, € + (t — 8)l)| ds,

where g5 and u;, 5 are the mollifications of § and w;y,, respectively. Hence us is also continuously

differentiable with respect to t € RT and satisfies classically

0u(us)1 (1,€) = Dus)1 (1,€) + 5. [ 85(6) — (1) (ws)a1, )]

and for [ > 2

0L (1,€) = 10 (s ) (1, €) + 5 [0 ()i (,€) — n(t) (o)1 (:6)]

For M € Nand N € R define

s n,n (1) Z/ 1(t,6)Po(€)de

Since us and its derivative are bounded in the integration region, we can differentiate under
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4.4 Energy estimate for global stability

the integral sign to find
M N 1
Olsn(t) =Y [ st P o)
= Je=o |

M N M N
=3 [ st P e + 3 [t OP],
1=17¢=0 1=1
= [ R O ¢TI 600
N
+ [ R [0 T 66| o(e)de
£=0
N — . —
< [, (Hlesn P9 + KR [ias(e) 0] 69) e

M
— 1(s)1 (8,00 + [[Blloc Y [(us)(t, N)I?

=1
+ K| @lloollunr (8 )l llunr+a (¢ ) l2-

The first integral can be controlled as

N
| (Flan(ePe© + KR [1@asewn@o)] o) de
£=0

_ " ) 956, |

S /M( t,e) ~ ¢(€)¢><s)' & (€)ag
2K |95§
Wl /_0 76 * ¢

Hence
Ismn(t) = Is N (0 /&J&MN

gfaMN<o>+/0 [as x 1(8)I — |(us)s (5,0) 2] dis

t
/
0

M
I8lloe D~ [(us)i(s, NP + Kl|¢]locl[une (5, ) ll2lluar1(s,-)ll2 | d
=1

where

_ K Y 15917
v = [, o O
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4 Stability of the incoherent state in the Kuramoto equation

Taking § — 0 by dominated convergence

Luan () < Ingn (0) + / (o — 1)n(s)?

+/
0

M
I8ll0c Y ui(s, N)I? + K lloolune (s, )|z luarsa (s, )2 | ds
=1

where
M N 1 )
Bew@=3 [ flutt.oPoes

By dominated and monotone convergence and the Riemann-Lebesgue lemma, we can take
N — co. By Lemma 2.5 and Plancherel’s identity, the L? norm of u is uniformly bounded.

Hence by taking M — oo, we arrive at the result by dominated convergence. O

The global stability result, Theorem 4.1, follows from this lemma by finding a suitable
weight ¢ such that o < 1. For this we want to minimise the integral defining «. Formally, the

Euler-Lagrange equation is

0= 1@+ 101 (23]

With ¢(0) = 1 the solution formally is

A
o@) = ——F————
A= [513(C)ld¢
for a constant A. If A > fo £)|d&, this indeed defines a bounded increasing weight and we
e K2 [ (o)
g 2
= 2 (€ / )|d
i /0 (0 Sl

Thus if K < K,., we have the required control for a suitable A.

Proof of Theorem 4.1. Lemma 4.14 requires the additional condition ¢'(£) > 0 for all £ € R*.
Therefore, we slightly modify the weight formally found before.
For A > fo [§(€)|d¢ and v > 0 the integral

K a@P
4/0 A|<>|+evff

([ atene)

as A — fo €)|d¢ and v — oo. Since K < K., we can thus find ¥ > 0 and A >

tends to
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4.4 Energy estimate for global stability

71+ [T 19(£)]dE such that
K2 L 19©)F
T/O AWdf < 1.

With A and 4 define the weight ¢ by

A
A— fo )| +e WC)dC

$(&) =

The integrand is continuous so that ¢ € C1(RT) and ¢'(¢) > 0 for all £ € RT. Moreover, ¢
is bounded and ¢(0) =

Thus ¢ is a valid weight for the theorem and by Lemma 4.14 a solution with initial density
fin € L?(T) satisfies the required bound

¢ / In(s)Pds < 1(0)

with

TN Sy Bl S (9]
c=1—-a=1 4/0 A|§(£)H—e—75d§>0'

For general initial data, mollify the initial density fi, as fin,e = fin * Xe Where x. is the scaled
Gaussian distribution in phase space I'. Then Lemma 4.14 applies to the mollified solution.
By the well-posedness of the problem (Theorem 2.4), the mollified Fourier transform converges
pointwise to the original Fourier transform as ¢ — 0. Using Fatou’s lemma, we can take the

limit and conclude the result.

For the initial bound, use Plancherel to note

1(0) < Hd>||ooZ/ Juin(l, ) 2d€ < [|¢llsoI£113- H

>1

The energy functional is an L? norm over the &-variable of u and as such, we can only
expect a control on the order parameter in L? over time by the free transport. Thus this
global result does not pointwise show n(t) — 0 as t — oco.

For a pointwise control, we can, however, note that dsu satisfies the same equation as wu, i.e.

00w (,€)) = (s (1,6)) + - [107) (964 (©)) — (1) (Deualt, )]
0,(Dean(1,6)) = 196 (Dean (1)) + 5 [18) G+ (1,€)) — () (Perisn ()] for 12 2.

Therefore, we can consider the adapted energy functional

0= [ S e oRos +e [ 5 Jloenr OFv(e)de

=07>1 =07>1
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4 Stability of the incoherent state in the Kuramoto equation

where € is a positive constant and v is a weight with the same properties as ¢. By the same

argument we now find

I(t) < I(0) + (o + ef — 1) / n(s)Pds — / Jus(s,0)[2ds — ¢ / (Ot (5, 0) s,

where

K 0P
5="1 | g v

As the order parameter 7)(t) satisfies

0u) = Deur(1,0) + - [n(1) 90) — (B ws(1,0)]

we can in the stable case K < K. choose a suitable ¢ and small enough € > 0, so that we

can control

/ " ln)P + elom®)?] dr.

For a frequency distribution with enough moments so that u is differentiable enough with

respect to 7, this means that a solution can be controlled as

[ o+ doamoP] a < 1)

for a constant C. Hence by the Sobolev embedding theorem, we have a pointwise control, i.e.
n(t) — 0 as t — oo.

4.5 Nonlinear stability

In Fourier variables the nonlinear interaction is given by R : C(N x R) — C(N x R) defined as

R()(1,€) = ~ 500 (6),

RO)(LE) = 5L [0n(0)0i1(6) ~ 01 0o (6)] for 1> 2

for v € C(N x R). Here we see that the nonlinearity is not bounded as it increases with the
spatial mode [. In the case of exponential convergence, we can match this with the faster
decay of the linear operator in higher modes. In the algebraic case, we compensate for this in
the norm by the factor (1 4 ¢)~ (=1,

We characterise the solution by Duhamel’s principle on the linear evolution.

Lemma 4.15. Let § € C(R) and 't be the linear evolution from Lemma 4.11. For u;, €
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4.5 Nonlinear stability

C(N x R) define the map T : C(RT x N x R) — C(RT x N x R) by

(Tu)i(t,€) = (e um)z(ﬁ)Jr/ (" R(u(s,))u(€) ds.

0

Then u € C(RT x N x R) satisfies Equation (4.6) for all h € C}(RT x N x R) if and only if

Tu = u.

Proof. For u consider the nonlinear terms as forcing in Equation (4.6). The linear problem

has a unique solution given by Tu. Hence u is a solution if and only if Tu = u. O

For the exponential and algebraic stability we want to propagate the norms given in the
introduction using Lemma 4.15. However, we do not know a priori if these norms stay finite.
Therefore, we construct a solution using Banach fixed point theorem and by the uniqueness
(Theorem 4.9) this must be the mean-field solution.

Proof of Theorem 4.3. Define on C(R™ x N x R) the norm | - || by

|lulle = sup Supsup lug (£, &) |e” (&+t1/2)
teR+ I>1 £€R
for u € C(RT x N x R).
By the assumption, Lemma 4.13 applies with a finite constant c¢;. This shows for u €

C(R* x NxR)and t e R¥ ¢ €R

K 2t
e EFD (T (¢, )] < ere™ /2 M, + 7012”“”6 / e (t=9)/2qg
0

Ke
< aMi, + 71“ ”2

and by the explicit form (Lemma 4.11) for [ > 2

t
ea(£+tl/2)‘(TU)l(t,§)‘ < e—atl/2Min + KlHuHi/ e—al(t—s)/QdS
0
2K
< Min + 7”“”2

Hence
| Tulle < 1M + cal|ul?

where ¢y = max(cy,2)K/a. Therefore, there exists 6 > 0 such that, if M, < § and |Jull, <
(14 c1)Miy, then ||Tulle < (14 ¢1)Mip.
If u,@ € C(RT x N x R) satisfy ||ul|e, ||@|le < (1 + ¢1)d, then as before we find

| Tu — T <

2K (1 1)
< A+ ) en, ) — ..
a
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4 Stability of the incoherent state in the Kuramoto equation

Hence we can choose § small enough such that 7" is a contraction on {u € C(Rt x N x R) :
llulle < (14 c1)Min} for M, <4.

Thus for Mi, < §, there exists a unique fixed point u with |Ju|e < (1 + ¢1)Mi,. By
Theorem 4.9, this u must be equal to the Fourier transform of the solution to the Kuramoto

equation. O

The structure for the proof of algebraic stability is very similar to the previous proof of

exponential estimate.

Proof of Theorem ./4. Define on C(RT x N x R) the norm || - ||, by

(1+&+1t)°
Ul = sup sup sup |uw(t,&)|——"—F"~
|| Ha teRIJ)r lzrl)geRIil l( 5)‘(1 +t)a(l_1)
for u € C(RT x N x R).

By the assumption, Lemma 4.13 applies with a finite constant ;. This shows for u €
CRT x NxR)andt e R, £ € R

2
(T O+ &+ 1) < 3y + Bl / M1+ ) ds
0
'YlK 9
< v M; _— .
=N m+ 2(1)7 1 7()[)““’”0,

For modes | > 2 the explicit formula Lemma 4.11 shows

14+ S)(yl b

(1+&+1t)°
(1 +¢)a=1)

SR < Mt Kl z/ ds.

|(Tu)l(t7 5)'

For | € N with al > b — 1 we can bound
l/f (L+s)*™" l
o (L4¢)el=1 TS al—b+1

by a finite constant independent of [.

For! € Nwith! > 2 and al—0b < 1 the integral fot(l—l—s)al_bds grows at most logarithmically,
so that it can be bounded by (1 + t)"‘(l’l). Hence there exists a finite 7, satisfying

I Tulla < Y1 Min + y2lull3.

Thus there exists § > 0 such that M, < 6 implies that ||[Tull, < (1 4+ 71)M;, holds, if
Hu”a S (1 + ’\/1)Min~
For two functions u,u € C(RT x N x R) with |[u|q, [|t]s < (1 +71)d, we find for t € RT
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4.6 Bifurcation analysis

and &£ € R as before

t
(T —Ta) (4|1 + €+ 1) < Ky (14 71)d|lu — a||a/ (1+5)*"ds
0

Kn(4+m)d,
< _
< BRI, ),
and for [ > 2

1+sal b
(1 +¢)alt=1)

(1+&+1)°

m <2K(1+71)dllu — tlla l/

[(Tu —Ta)(t, €))|
By the same argument, the factors with [ are uniformly bounded over [ > 2, so that, for small
enough § > 0, the map 7T is a contraction on {u € C(RT x N x R) : ||ulqa < (1 + v1)Min}
when M;, < 0. Hence there exists a unique fixed point Tu = u with ||ull, < (1 4+ v1)Min.
For every T' > 0, the restricted uniqueness (Theorem 4.9 and Theorem 4.10) shows that this
solution must be equal to the Fourier transform of the mean-field solution to the Kuramoto
equation up to time 7. Hence u always equals the Fourier transform of the solution and the

bound on u proves the theorem. O

4.6 Bifurcation analysis

4.6.1 Linear eigenmodes and spectral decomposition

By the study of the Volterra equation, we can easily find the eigenmodes for the order
parameter if the system is unstable or critical. Going back to the linear evolution of u, we
can use this to characterise the stable subspace.

For the characterisation of the stable subspace we use the functional a. Abstractly, it is
the corresponding element in the kernel of the adjoint L*. For this work we can, however,

characterise it explicitly.

Lemma 4.16. For a € R and A € C and j € N with R\ > —a define the continuous

functional oy ; on Y by

d

an s (u) = (dz>j[,cu1}(z) :/OOC wn (£)(— e M.

z=A

Proof. Since |u(1,¢)| < e~%||ul|ye, the functional is well-defined, continuous and, for j > 1,

the derivative can be computed by differentiating under the integral sign. O

Lemma 4.17. Assume a € R and § € C(R) as in Theorem 4.5 and let \q,..., A, be the
roots of multiplicity p1,...,pn as in Theorem 4.5. Define the closed subspace

Vi={ueY:ay,,ju)=0fori=1,...,nand j=0,...,p; — 1}.

65



4 Stability of the incoherent state in the Kuramoto equation

Then Y2 is invariant under the linear evolution e'* and u € Y is in Y2 if and only if for
v(t) = (ettu)(1,0) holds v € L=°(R*, exp,). In this case

iglg eat || (etLu)l ||L°°(R+7expa) < C1 ||’LL1 ||L°°(R+7expa) (410)

holds with ¢ = 1+ (1 =+ HTS”Ll(RJr,expa))(K/Q)HgHLl(JR*,expa) < 0.

Proof. If u € Y2, the solution of the Volterra equation for v in Theorem 4.5 simplifies to
v(t) = ur(t) — (rs * ur)(t).

Since 75 € L*(R, exp,), this shows v € L>°(R*,exp,) and, as in Lemma 4.13, Equation (4.10)
follows with the given constant c;.

Conversely, assume v € L=(R*, exp,). Then at z € C with Rz > —a the Laplace transforms
of v, k and uy are analytic and, by the Volterra equation (4.4), satisfy

(Lv)(2) + (Lk)(2)(Lr)(2) = [Lua](2).

Hence the LHS has roots A1, ..., A, of multiplicities py, ..., p,. Thus the RHS must have the
same roots, i.e. ay, j(u) =0fori=1,...,nand j =0,...,p; — 1, which shows u € V.
The growth condition v € L>®°(R™, exp,) under the linear evolution is invariant, so that )2

is invariant under the linear evolution. O

We can use this to control the decay in Z¢ = V¢ N Z¢ under the linear evolution and the

forcing term from a Duhamel equation.

Lemma 4.18. Assume the hypothesis of Lemma 4.17 with a > 0. Then for w € Z¢ we have
fort e RT

HetLuHZa < cle*“t||u||za.

For 0 < u < a consider F € C(R* x N x R) with F(t,-) € Y for allt € R* and norm
[Fllye,—p = sup e " ||F(t, )|y < oo
teRT

Then -
v= / LRt -, )dt
0

is well-defined and v € Z¢ with
[l za < ()| Fllya, -

where c(u) = (a — )" tey.
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4.6 Bifurcation analysis

Remark 4.19. The forcing F is measured in the weaker norm )* and we are able to recover

the control in the stronger norm Z¢.

Proof. Since u is in 2%, we find by Lemma 4.17 for t € RT and £ € R
(e u)1(€)] < cre”u za

and by (4.8) for [ > 2
| (e u)(€)] < ™ |ul 2,

which shows the first claim.

For the second part note that for every ¢t € R the integrand e!“F(¢, -, ) is continuous. By

Lemma 4.17 we can control for £ € R
[P F(t,)1(€)] < cre” || F (L, )[lye < cre V|l
and for [ > 2 by Equation (4.8)
([Pt )i (€)] < LW VY| Flya .

These bounds are uniformly integrable as

/ C1e(ﬂfa)tdt - _a
0 a—p

and for [ > 2

0 al —p  a—pfl

Hence the integral is well-defined and defines a continuous function v € C(N x R). Moreover,

it shows the claimed control of ||v] za. O

In order to find the eigenmodes in Z® and the projection to them, we consider the linear

generator L on Z%.

Lemma 4.20. Assume the hypothesis of Lemma 4.17 with a > 0. Define the closed operator
L:D(L) C 2%+ Y* with D(L) = {u € C}(N x R) : ||lu|z« < 0o} by

(L (6) = Bgur (€) + 5 us (0)3(€)

and for 1> 2 by
(Lu)i(§) = 10w (§).

Then in {\ : R\ > —a} the spectrum of L equals o = {\1,..., \n}. For A\ ¢ o and R\ > —a
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4 Stability of the incoherent state in the Kuramoto equation

the resolvent (L — \)~* is given by
° K
_\)! — —A(¢=8) R et L SV
(=270 == [0 (0 + § p ity 90) @
for & € R where k is the convolution kernel from Equation (4.5) and for [ > 2
(L= NThol(€) = =g | el Odc (4.12)

Proof. By classical analysis the differentiation and the uniform limit can be interchanged so
that L is closed.

For the resolvent fix A € C with R\ > —a and A € o and v € Y*. We now look for solutions
of (L—MNu=vinue D(L) C Z°

For [ > 2 this implies

10w (§) — A (§) = vi(§) = Ok (e ( A/l)guz(f)) = %ul(g)e*“/”ﬁ.

Since RA > —a this shows that v is uniquely given by Equation (4.12).

For [ = 1 we likewise find that u must satisfy

n() == [N (00 - Fu3(0 ) ac
Hence by taking £ = 0 we find that v must satisfy
u1(0) (1 + (Lk)(A)) = —[Lo1](N).

Since A € o, this determines u1(0) uniquely and the solution is given by Equation (4.11).
Moreover, the found solution satisfies ||ul|z« < co. Hence such a A is not in the spectrum of
L and the resolvent map takes the given form.

If A\ € o, the above shows that L — X is not injective, so that A is in the spectrum. O
Equation (4.11) shows that at a root A of multiplicity p the residue of the resolvent map

(L — X)~!is in the space spanned by (zy;:j =0,...,p — 1) where for £ € R

(ah K/ N9 (¢ ¢)g(¢) d

and for [ > 2

(2x.5)1(§) = 0.
Since we assume § € L'(R,exp,), we always have 2z, ; € D(L) C Z°.

Lemma 4.21. Assume the hypothesis of Lemma 4.17 with a > 0. Then for a root A with
RX > —a of 1 + (Lk)(z) with multiplicity p, the elements zx,...,2xp—1 are generalised
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4.6 Bifurcation analysis

etgenvectors of L with eigenvalue \.

Proof. Note that for 7 =0,...,p—1

d J 1 j=0,
(aah(0) == {5 ) (LRG| = .
z X 0 otherwise.
Then by direct computation
AZx j =0,
LZ)\J' = A J O

Az +jzaj—1 otherwise.
Using holomorphic functional calculus, we can construct the required projection.

Lemma 4.22. Assume the hypothesis of Lemma 4.17 with a > 0. There exists a continuous

projection Ppy, : Y* — Z2, such that the complementary projection Ps = I — P, maps to Y.

Proof. Take v a contour in {z € C: Rz > —a} encircling all roots A1, ..., A, once and define

P (1) = — ]{(L — )" () da

" 2mi
Then P,, is a continuous projection. Since its value is given by the residues, Equation (4.11)
shows that P, maps into Z¢,.
On the image of the complementary projection P, the resolvent map (L —\)~! is continuous
for R\ > —a. By Equation (4.11) this can only be true if for all roots A,..., A, with
multiplicities pq,...,p, also Lu; has a root of matching multiplicity, i.e. ay,; must be

vanishing for ¢ =1,...,n and j =0,...,p; — 1. Hence the image is within Y. O

4.6.2 Center-manifold reduction

Since the nonlinearity R is smooth from Z¢ to Y*, the center-unstable manifold reduction
follows from the decay on the stable part (Lemma 4.18) and the continuous projections
(Lemma 4.22). The center-manifold reduction in Banach spaces is discussed in [155, Chapter
2], which can be adapted to our case with a weak PDE as Duhamel’s principle holds again.
Moreover, instead of a center manifold reduction, we do a center-unstable manifold reduction
[154, Section 1.5], as this implies convergence to the reduced manifold. The statements are
also discussed in [68].

In order to understand the bifurcation behaviour, the center-unstable manifold is constructed
with e = K — K. as additional parameter. Furthermore, we need to localise the non-linearity
around the incoherent state. This localisation might affect the resulting reduced manifold,
which is not unique. Moreover, we choose the localisation to preserve the rotation symmetry

of the problem so that the resulting manifold has the same symmetry.

69



4 Stability of the incoherent state in the Kuramoto equation

Hence we study the solution in Z* = Z% x R and Y* = Y* x R with norms ||(u,€)| 5. =
max(||ul|za, [e]) and [|(u, €)|| . = max(||ul|ya, [e[). In these define the linear evolution operator
el as

oLy = oL (u,€) = (e'Lu, ).

The center-unstable space Z%, is now spanned by (0,1) and (2, ;,0) for i = 1,...,n and
j =0,...,pi — 1. The projection P,, is defined as Pcu(u,e) = (P.yu,€) with P, from
Lemma 4.22. The complementary projection P, maps into the stable part Y% = ¢ x {0}.

For the center-unstable manifold reduction the used properties of the linear evolution are

collected in the following lemma.

Lemma 4.23. Assume the hypothesis of Theorem 4.6. Then there exists a continuous
projection Pyt V% égu with complementary projection P,=I-P, mapping Ve to 5);1
The subspaces 2%, and Y* are invariant under the linear evolution. On Z2, the linear evolution
acts as finite-dimensional matriz exponential whose generator has spectrum A1, ..., A,. On
Z% = P,Z% there exists a constant ¢, such that for t € R* and u € Z%

e ull 0 < cre™ful] z.

and there exists a continuous function ¢ : [0,a) — RT such that for p € [0,a) and F €
C(R*T x N x R x R) with F(t,-) € Y fort € R* and norm

[F|lye,—p = sup e M| F(t, )|y < oo,
teRT

the integral

v = / etiF(t, ) dt
0

is well-defined and v € Z% with
[0l 20 < c(IFllpa, -

Proof. The linear evolution on € is constant so that the properties follow from the study of
el ie. Lemmas 4.18, 4.21 and 4.22. O

In the extended dynamics for @ in Z¢, the nonlinearity takes the form R : Z% — Y given
by

where N : Z% — Y% is for @& = (u, €) defined by

(N(@))1() = %ul(O)g(g) _FEeto)
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4.6 Bifurcation analysis

for £ €e R and for | <2

(K. +e)l

(N(w))i(&) = — (UI(O)Ulfl(f) - Ul(o)ulﬂ(f)) .

For the localisation let x : RT +— [0,1] be a smooth function with y(z) =1 for z < 1 and
x(x) = 0 for & > 2. Then let xs(x) = x(x/d) and ss(x) = xxs(|x|). With this define the
localised nonlinearity Ry : 2% Y by

Rs(u) = (Ns(a),0)

where N : Z% — Y% is for @& = (u, €) defined by

(o)1) = s (0)a(6) — L2 @)
for £ € R and for [ > 2
(Ns(u(e) = Fe 2D (o 0))s5(1-1(6)) — sa(0)ss 1 (6)))

Then for § > 0, the localised nonlinearity Ry agrees with the original nonlinearity of the
mean-field equation for ||il|z, < 4, is in C®(Z2%, V%) with Rs(0) = DRs(0) = 0 and is
bounded and Lipschitz continuous with constants tending to 0 as § — 0.

We now study the evolution PDE

O (1,6) = Deun () + = (1,0)3(6) + (Ns(a(t, N1 (©),
Dun(t, €) = e (£,€) + (Ns(alt, ))(E)  for 1>2, (4.13)
3te(t) = 0,

for @ = (u,€) € C(A x N x R x R) understood weakly against test functions in C} and where

A C R is a time interval.
Lemma 4.24. A solution 4 of Fquation (4.13) satisfies Duhamel’s formula, i.e. fortg,t; € A

with tog < ty the following holds

- t1 -
a(t) = et g (t) +/ e =)L Rs(a(s)) ds.

to

Proof. Consider Rs(i) as forcing. Then the linear problem has a unique solution given by
the formula. O

Lemma 4.25. Let @ be a solution of Equation (4.13). Given d(ty) € 2% the solution is
uniquely determined at later times t > to and ||U(t)|| 5. is uniformly bounded for compact

intervals of later times. If § is small enough, there exists, given a(tg) € Z% a global solution
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4 Stability of the incoherent state in the Kuramoto equation

fort > tgy.

Proof. The projections commute with the linear evolution in the Duhamel formula and are
bounded. Since Ry is bounded, this shows with the control of the linear evolution (Lemma 4.23)
that ||@(t)|| z. is uniformly bounded for compact time-intervals of later times. Furthermore,
Ry is Lipschitz so that the Duhamel formulation gives a Gronwall control showing uniqueness.

If 4 is small enough, then the Picard iteration

i ¢ .
i o=t Lg(10) + / =L R (i(s)) ds

to
is a contraction, so that a solution exists. O

With this we can construct the reduced manifold. We want to capture the evolution in the
reduced manifold where the stable part has decayed, which we can characterise by the growth
as t — —oo.

Theorem 4.26. Assume the hypothesis of Theorem 4.6. There exists p € (0,a) and 8, such
that for § < 8y there exists 1) € C*(Z2,, Z%) such that

cu)’

M = {ig € Z% : 34 satisfying Equation (4.13) with @(0) = g
and sup e"||a(t)] 7. < oo}
teR—

— {0+ D) v e 22

which is the reduced manifold. Under the evolution of Equation (4.13) the reduced manifold is
nvariant and exponentially attractive. Moreover, the Taylor series of 1,5 is explicitly computable

at 0 starting with

’@[;|0 = 07
Dijly =0,
0 o ~ B _
D2w|0(h1,h2):/ e 'L P,D?[Rs|o(e'Thy, el hy)]dt.
—00

The growth condition already suggests that this captures the dominant behaviour and M

is attractive.

Proof. Since we have a Duhamel formula, the proofs of Theorem 1 and 2 of [155] work. We
further adapt it, as in Section 1.5 of [154], to the center-unstable case. Parts of the results
are also stated as Theorem 2.9 and 3.22 of Section 2 of [68].

The key point is to note that, by the Duhamel formulation, a solution with the growth
bound is a fixed point of the map T given by

N 0 L t L
(Ta)(t) = e Poyiio — / "= Py Ry (ii(s))ds + / eI P, Rs(ii(s))ds
t

— 00
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4.6 Bifurcation analysis

for t € R~ on the space C(R™ x N x R x R) with norm ||| = sup,cg- e*||a(t,")| 5.. Here

t

note that on é'gu the linear evolution e’ restricts to a finite dimensional matrix exponential,

which has a well-defined inverse e~tL.

For small enough §, the map T is a contraction with a unique fixed point depending on
P.,iip so that there exists 1[) : Z’gu — ég such that the unique solution is P, i + 15(]56”&0)
[155, Theorem 1]. Hence the set M is a reduced manifold with the given form. Moreover, the
growth condition is invariant under the evolution.

By a Fibre contraction argument ([155, Theorem 2] and [154, Section 1.3]), for small enough
8, the map 1 has the claimed regularity and the derivatives can be computed explicitly at 0
with the given form.

As discussed in [154, Section 1.5] and [68, Theorem 3.22 of Chapter 2] a similar fixed point

argument shows the exponential attractiveness. O
Hence, with a sufficient localisation, we can prove Theorem 4.6.

Proof of Theorem 4.6. Apply Theorem 4.26 with a small enough 6. Then for |e|] < ¢ and
lu|| < & the nonlinearity of Rs agrees with the nonlinearity of the Kuramoto equation, i.e. a
solution to the localised evolution is also a solution to the original problem in the restricted
region.

The map ) maps into Z¢ and thus has the form (u, €) = (1(u, €),0) for ¥ mapping into
Z¢. As e is constant, the reduced manifold must have the claimed form and the result follows

from the uniqueness (Theorem 4.9). O

Remark 4.27. The Kuramoto equation has the rotation symmetry, i.e. if u is a solution to
the Kuramoto equation, then (¢, £) = e'®u;(t,£) is again a solution. This symmetry is also
satisfied by the localised nonlinearity and thus by the reduced manifold.

4.6.3 Example for Gaussian velocity distribution

The center-manifold reduction can be used to determine the bifurcation behaviour by studying
the evolution on the reduced manifold. The resulting behaviour crucially depends on the
velocity distribution and [38] contains several examples based on the center-manifold reduction
with noise, which at this point is very similar. The Penrose diagrams (cf. Figures 4.1 and 4.2)
already show the dimension of the reduced manifold as the covering number, e.g. this shows
for the example of Figure 4.2 that at the critical coupling two eigenmodes appear.

As an example we repeat Chiba’s analysis [31] for the bifurcation of the Gaussian distribution.

In this example the density is given by

and the Fourier transform is

73



4 Stability of the incoherent state in the Kuramoto equation

From the discussion in Section 4.3, we see that the critical coupling is

2 4
KC = = —
mg(0) V2T

and that at the critical coupling K. there exists a single eigenvalue at A = 0 for small enough

a.

Recall, that the eigenvector zg g is given by

Gooh(©) =T [ a(0ac

Hence (20,0)1(0) = 1 and

KC o0 oo .
anazon) =5 [ [ ac)dca
o Je
_ K
==,
so that 5
P (u) Fao,o(u)zo,@
(6]

Now apply Theorem 4.6 with sufficiently small @ > 0 such that A\; = 0 is the only eigenmode
and with k& > 3. Then for @ = (u,¢) € 22,

u(@) = 5b(a) + O(a),

where
0

b(i) = D2ulo(@ ) = [ e EP DA N]o(a, 1) .

— 00

For this we find that only the first two spatial modes are non-vanishing with

(b(@))1(€) = O(lel[[ul])

and

0
(b(@))a (€) = / 2K 1ty (€ — 2ty (0) dt.

— 00

Hence we can compute

(Nt 60 ) (€) = Sn(0)3(6) — i) LD2E 4 012 .
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As % = u71(0)zg,0 we find
(e’ ) 0
/’wmm&ﬁzmmw/‘/ 9K (20,0)1 (€ — 2)(20,0)1 (0) df d
0 0 —00

B 2 2 o0 oo o0 R
= K2(uy(0)) Jé_o]C_0J£_5+2t9(4)d<dtd5

oo 2
= K2 [ a0
_vE
_

Hence we find

fﬂm@—iwmmm@+omwwmwﬂ

ao,0(N(u+vY(u,€))) =

On the reduced manifold the solution is 5(¢)z0,0 +(5(t)z0,0, €), which evolves by the previous

computation as

V2T
4

For small enough € < 0, it follows that 8 = 0 is a stable fixed point, i.e. the incoherent state

K. 1 -
208 = e — I8P+ O(1ef ull, ).

is stable. For small enough e > 0, the zero solution is unstable, but the set || = . are stable

Be = ,/Z@ﬁu)(e).

Hence we have proved the claimed bifurcation from the incoherent state and have shown that

attractors where

for small enough € the appearing stationary states are nonlinearly stable. Since (29,0)1(0) =1,

the value of 8 agrees with the order parameter so that we have found the known result.

4.7 Boundedness and convergence in the exponential norms

The bifurcation analysis (Section 4.6) shows the nonlinear stability of states with non-vanishing
order parameter. In particular, these states have finite small norm in Z¢. From the discussion
on the stationary states, we expect them to be the partially locked states fs; from Section 1.3.2
with all mass at the stable fixed point. In this section, we show how the exponential norms in
Fourier can be understood by an analytic extension. Furthermore, we show that fy € Z¢ for
suitable velocity marginals g.

The exponential norm L (R,exp,) can be related to an analytic extension in a strip
{z:—a < Sz <0}

Lemma 4.28. Let f € L'(R) N C(R) with Fourier transform fe LY(R) satisfying fe

L>(R,exp,). Then f has an analytic continuation to {z : —a < Jz < 0}.
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4 Stability of the incoherent state in the Kuramoto equation

Proof. For z € R the Fourier inversion formula shows

f(z) = = /R &% f(€)d.

:277

By the assumed supremum bound on f for £ > 0 and the bound |f(€)| < || f||1 for £ < 0, this
definition extends to the given range and has a complex derivative given by differentiating

under the integral sign. O

Lemma 4.29. Let f € L(R) and suppose f has an analytic continuation to {z : —a < Sz <
0} such that |f(2)| = 0 uniformly as |Rz| — oo and f(- —ia) € L'(R). Then the Fourier

transform f is bounded as
11l Rexpy) < IFC = 10)l|rm)-
Proof. By the assumed decay we can deform the contour of integration as
fO) = [y = [ 00y iy = e [ ply i)y,
R R R
Bounding the integral with the L! norm of f shows the claimed result. O

For a stationary state fg with all locked oscillator at the stable fixed point, we recall from

Section 1.3.2 its spatial Fourier transform fst as

i) =ate) (9 (;n))l

where we again assume without loss of generality that n € [0,1] and § is given by

B(z) = —iz (171/172%) for |z| > 1,

—iz4+v1—22 for |z| < 1.

The factor § has a very nice analytic continuation in the needed region, the lower half

plane.

Lemma 4.30. The function 8 has an analytic continuation given by the above formula in
the lower half plane {z € C : Iz < 0}. It is bounded in this region by 1 and for |z| > /2

1
1B(2)] < —.
||
Moreover, for any a > 0

sup |B(z — ia)| < 1.
zeR
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Proof. The above formula defines analytic functions in |z| < 1 by —iz4++1 — 22 and in |z| > 1
by —iz(1 — /1 — 272), as the argument of the square root always has a non-negative real
part. Moreover, it is the solution to the quadratic equation y? + 2iyz — 1 = 0 for y, whose

roots are separated unless z = +1. At z = —1, we find

im  Bz)=-1+v3Z= lm ().

z——i,|z|<1 z——1,]z|>1

so that the branches match up in the lower half plane. Hence § is analytic in the claimed
region.

For |z| > v/2, we can use the series expansion to find

< 5= D 127 <
QIZ | & Z IZ X
Moreover, along 3z = 0, we can immediately check that 8 is bounded by 1. Thus the

maximum principle shows the remaining claimed bounds. O

This bound with the form of the stable partially locked states immediately shows the

following theorem.

Theorem 4.31. Suppose a velocity marginal with density g € L*(R), where g has an analytic
continuation to {z : —a < Sz < 0} such that |g(z)| — 0 uniformly as |Rz| — oo and
g(- —ia) € LY(R). Then a partially locked state fs with all locked oscillators at the stable
fized-point has a Fourier transform u € Z. If furthermore |n| < a/(v/2K), then

\nl
ullza < lg(- —ia)llr (m)

Proof. By the above discussion we find

Inl .
e ] e | e AT

Hence the previous lemma shows the claimed control. O

4.8 Implied convergence

We can relate convergence in Z¢ as found in the center-unstable manifold reduction and the

exponential stability with weak convergence.

Theorem 4.32. Let f € Cxaq be a solution to the Kuramoto equation with initial data
fin € M(T') and Fourier transform w. If u(t,-) — v in Z% as t — oo, where v is the Fourier
transform of foo € M(T), then for every ¢ € H*(T) the integral [ ¢(0,w)f(t,0,w)dfdw
converges to [ ¢(0,w) foo (0, w)dfdw as t — co.
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4 Stability of the incoherent state in the Kuramoto equation

Proof. Since the velocity marginal is conserved, without loss of generality assume |, 0eT d(0,w)dl =
0 for all w € R and ¢ to be real-valued. Then by Plancherel theorem

/F 6(60,) (1, 0,)d0 = 2R ; /&R’uz(t,ﬁ)(ﬁl(ﬁ)df ,

where ¢ is the Fourier transform of ¢. Since ¢ € H*, we have ¢ € L'(N x R). Hence for every
€ > 0, there exists some M such that

> [ 1aous < g

1>17~

Since u and v correspond to probability measures, they are bounded by 1 so that

M _ .
>t -u©)a©e < 5

>17—

For £ > M we have a control by Z¢

IN

5 [ .9 - @) A€ | < M hu =iz |61

>1

Hence for large enough t we have |pi(¢) — poo(¢)| < €. Since € is arbitrary, this shows the

claimed convergence. O

In the stability theorem 4.4 we only control a norm in half of the Fourier coefficients which
also looses control for higher spatial modes. However, this controls the order parameter n and
in particular it shows [ |n(t)|dt < co. With this knowledge we can go back to the original
equation to deduce convergence properties. As an example we show a convergence in the
gliding frame. This case is particularly interesting, because other results usually prove Landau

damping by convergence in the gliding frame, e.g. [14, 52, 53, 114].

In the gliding frame the position of each oscillator is corrected by the effect of the free
transport, i.e. if f is the solution of the Kuramoto equation, then the density h in the gliding
frame is given by

h(t,0,w) = f(t,0 + tw,w).

If f € CYR* xT), then f satisfies classically

Onf(t,0,w) + Oy [w - (g (n(t) - 77(t)ei9)) f(t,e)} =0
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so that then h € C'(R* x I') and h satisfies
K —i(0+tw) N Ai(0+tw)
Orh(t.0,w) + 0y | 5 (n(t) e — e ) h(t,0,w)| = 0. (4.14)

Theorem 4.33. Suppose fi, € C*(T) and let f be the solution of the Kuramoto equation
with initial data fi,. Then f has a gliding frame density h € C*(R* x ') and for every t € Rt
and w € R holds

/ (h(t, 0,w))2d0 < X Ji In(s)1ds / (fn (6, 0))2d0
T T

and

/ (Doh(t, 0,w))2d0
T

< KIS (o) las [ / (90 fin(0,0))2d0 + K / n(s)lds sup / (h(t,e,w»?del.
T 0 T

s€[0,t]

If fooo In(t)|dt < oo, then for every fized w € R the function h(t,-,w) converges in L*(T) as
t — o0.

If additionally fi, € L*(T') and 0y fin € L*(T'), then h(t,-,-) converges in L*(T') as t — occ.

Proof. Along the evolution the regularity is propagated [86], so that f € C?(R* x I'). Hence
h € C2(RT x T') and h satisfies Equation (4.14).
For the bounds, fix w and let

A(t) = / (h(t, 0, w))2d0.
0eT
By the assumed regularity, we can differentiate under the integral sign to find
d K Si(04tw) | T i(04tw) 2
S0 = = (nwe + () ) (h(t, 0,0))%46 < K |n(t)]=().
0eT
Hence Gronwall’s inequality shows the first part

2(t) < e o In()lds ;) = K [y In(s)lds /(fin(97w))2d9.
T

Similar, we consider

y(t) = /m(aeh(t,o,w))?da

and find
d K 2 2 —i(0+tw) i(0+tw)
G0 =5 [ 1000007 + 3500 (0.0.0)7] ()00 + T ) ap

< Kln(t)|z(t) + 3K[n(t)|y(t).
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4 Stability of the incoherent state in the Kuramoto equation

Then Gronwall’s inequality shows the claimed bound.
If fg |n(t)|dt < oo, these bounds show that there exist constants Cq,Cy € R such that for
every w € R

/ (h(tﬁ,w))QdegCl/ (fin(0,w))*dO
6cT

0T

and

/ (Doh(t,0,w))*dd < Cy / [(fin(0,w))* + (Do fin(8,w))?] dO.
0cT

0eT

In particular the bounds are finite as the integral is over a compact domain and we assume
fin S 02 (F)
Now consider for t > s > 0

D(t,s) = / (h(t,0,w) — h(s,0,w))%dd.
0eT
By the assumed regularity we can differentiate under the integral sign and find
K —i(0+tw) N Li(0+tw)
OD(t,s) = | 2[0eh(t,0,w) — Deh(s,0,w)] — (n(t) e e ) h(t, 0, w)dd
0€T 2i
<2K[nI(Vy(#) + Vy(s) vV 2(0)-

Hence

D(t.s) < C / In(3)|ds

for a constant C. As [;~ [n(t)|dt < oo, this shows the claimed convergence in L*(T) as t — occ.
If fin € L?(T) and O fin € L?(T), we can integrate the previous inequality over w to show
the convergence of h(t,-,-) in L?(T') as t — oo. O

The convergence in the gliding frame implies for example weak convergence in the normal

setup.

Theorem 4.34. Suppose the assumption of Theorem 4.33 with fooo [n(t)|dt < co and fin €
L?(T") and g fin € L*(T). Then for every ¢ € L*(T)

g(w)
/R/Tf(t79,w)¢(9,w)d9dw—>/R/T?¢(97w)d9dw ast — oo.

Proof. By the previous theorem, the gliding frame density converges in L?(T). Let ho be the
limit, i.e.
h(ta K ) — hoo(7 )

holds in L?(T') as t — oo.

The inner product can be expressed in terms of h as

/R/Tf(t,&,w)d)(@,w)dﬁdw:A[Th(t79’w)¢(9+tw,w)dodw'

80



4.9 Spatial mode reduction (Ott—Antonsen ansatz)

Given € > 0, we then have for large enough ¢ by the convergence in L?

/R/Tf(t,ﬁ,w)ﬂﬂ,w)dew—/R/Thoo(ﬂ,w)qﬁ(@—i-tmw)dﬁdw < 7

Let fzoo and qAS be the Fourier transform in both variables # and w. Then the Plancherel

theorem shows

[ [ (000006 + b, )00 = 3 A  (c)ul@)dule = ke

kEZ

The velocity marginal g is constant so that (heg)o(€) = §(£), which shows

h ) = 9(w) w w
/E _(o(©)do(e)ae = / . /0 20, cpana

™

For k # 0 we find that

\ /g (o (©nle - kt)ds\ < Nhoo)ell2 1952

and

/ (hoo) (€)1 (€ — K)AE 0
£ER

as t — oo.

Since h € L? and ¢ € L2, we have the bound

D o)kl drll2 < oo,

keZ

so that dominated convergence shows as t — oo

3 /E (hon@dn(e — ke = [ (hdo(©dn(e)ae,

keZ £eR

which is the claimed limit. O

4.9 Spatial mode reduction (Ott—Antonsen ansatz)
In this short section, we remark how the exponential norms can be utilised to show the spatial

mode reduction as discussed in Section 1.3.4. We recall that the reduced dynamics impose
that the distribution f has the form

filw) = o' (w)g(w)
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4 Stability of the incoherent state in the Kuramoto equation

for | € N and some function «.

In order to measure the defect of a solution f to the reduced dynamics, we introduce

Wom (6,€) = (Fgm(t,) # 9)(€) = (Falt,) % Fmn(t:))(€)
for n,m € N. By the symmetry of the convolution, we have the boundary conditions
W0 = Wo,m =0
for n,m € N. Otherwise the evolution equation becomes

OpWrm (1, €) =(n + m)Dewp m(t, )

— B (i1 (€)= nEwn 1 (1,6)]

- ? [@wn,m—l(tvg) - n(t)wn,m+1 (t7§):| ’

where 7(t) is the order parameter. Since || < 1, we can choose a large enough rate a such
that

sup ”wn,m”L‘x’(R,expa) = Sup supeag\wn,m(t,gﬂ
n,meN n,meN £eR

is exponentially decaying to zero. Similarly, the decay can be observed in the L? norms used
in Chapter 5.

This gives an explicit way of convergence to the reduced manifold with high regularity
assumptions. A similar result is by Ott and Antonsen [121] and Ott, Hunt and Antonsen [123],
where they solved the equation in the analytic continuation for w and obtain less explicit
convergence estimates. Even though this reduces the dynamics, the resulting equation is still
a PDE without dissipation, e.g. a spectral analysis in strong topology still shows a continuous

spectrum along the imaginary axis [120].

4.10 Direct stability results for particle systems

The mean-field theory (Chapter 2) does not take advantage of the structure of the equation
and just uses a crude Lipschitz bound for the stability (Lemma 2.3). We recall from Chapter 2
that the dual bonded Lipschitz distance d between two solutions can diverge with rate at most
Cp = V2max(1, K) + 2K, cf. [86], i.e. for two solutions f and h to the Kuramoto equation,
we have

d(f(t, ')7 h(ta )) < eCDtd(fin7 hin)~

Cpt can become very

Even though this estimate gives a quantitative control, the factor e
large for the considered time frame. Taking advantage of the structure of the equation, we

obtain a control of the order parameter with a slower time growth.
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4.10 Direct stability results for particle systems

We obtain the result by controlling a suitable distance between a smooth solution f° e.g.
the incoherent state or a solution converging to it, and a rough approximation fV, e.g. the
empirical measure of a finite particle system. Assuming an initial closeness, we propagate the
control in time by using that f¥ and f°° are both solutions to the mean-field limit Kuramoto

equation.

As the distance to the empirical measure must be finite, we use the norm

da,p(fN, 1) = supsup e (FV)(€) = (F)u(©)]

1>0 £€>0

for a;, 8 > 0. This norm is very weak and has the opposite weight in Fourier than the weight

characterising analytic functions.

In order to find the expected rate of divergence, consider the free transport e*“/, whose
generator is in this representation Ly = —[0;. After time ¢, we have the following control in
the first mode

(7% fN)1(6) = (7% f2)1(€)] < e'eda (Y, ).

In particular this shows that under the free transport, the possible difference of the order

parameter grows with rate «, i.e. we would have
|?,] [ethfN] - [ethfOOH S eateﬁdaﬁ(fN, foo)

Very roughly, we can indeed prove that the difference of the order parameter can be
controlled with this rate over finite time intervals for states close enough to a stable incoherent

state.

This improves the control of the order parameter for finite particle systems around the
incoherent state, in particular, because d, g can be controlled by the stronger adapted

Wasserstein distance d from Chapter 2.

More precisely, we find directly from the dual Lipschitz formulation

[(F0(E) — (F)u(€)] =
<2vV2y/12+ 24d(fN, f).

e Y o wdode — [ o0 (6, 0)d00
T r

In order to relate this control to d, g, we study

(1,§) »e Vi 2

as function for (I,£) € RT x R*. On the boundary I = 0 and £ = 0, it obtains the maxima

1 1
— and —
eq ef

83



4 Stability of the incoherent state in the Kuramoto equation

and as [|(1,€)]] — oo the weight vanishes. In the interior we have the local extremum at
(1,€) = (B,a)/(a® + B?) with the value

1

ev/a?+ 52
Therefore,

sup sup 2v/24/12 + 2748l = 2v2

1>0 £>0 emin(a, )
which implies
22

N poo e N roo
da,ﬁ(f 7f ) < emin(oz,ﬁ) d(f 7f )

Hence if o, 3 > 0, then an empirical measure fV close in weak topology to the continuous

measure f°°, is also close in d, g distance. Conversely, the d, g distance can only become

small if a, 8 > 0, because the Fourier transform of the empirical measure is not decaying.
Applied to the order parameter, the result of this section now shows that, for initial data

close to the incoherent state and finite time range ¢ € [0, T, we can control the order parameter

2V2

emin(a, 8)

as

|77 [fN(tv')] 777[foo(t")]| <C eatd(vafoo)

with an explicit constant C' and any «, 8 > 0 (the choice of o and 8 changes however the

required closeness to the incoherent state). Compared to the standard estimate (Lemma 2.3)

|77 [fN(tv )] -n [foo(t7 )H < 2\/§eCDtd(fN7 foo)’

this improves the quantitative control in this setting.

For the control of the difference, we first consider the linearisation L o around the incoherent
state with velocity distribution ¢>°. Explicitly, in the given Fourier representation, we recall
it as X

(Ly=ws(€) = deur (€) + 1 (0)57(6),
(Lfoou)l(f) = lagul(f) for 1 Z 2.

As we assume that the evolution will be close to the incoherent state, we assume that L fo

is stable, i.e. g € L'(RT) and
K jle o}
leLg (A)#0 for ®A > 0.

Recalling Theorem 4.2, this shows that the resolvent of the associated Volterra equation has
finite L'(R) norm. We can adapt Lemma 4.13 to the situation of a decreasing weight, showing

that the linear evolution of L can be controlled with the rate of the free transport.

Lemma 4.35. Let g™ be a stable velocity distribution with § € L*(RY). Then there erists a
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4.10 Direct stability results for particle systems

constant ¢y such that for any weight w : N x RY ~ [0,1], which is decreasing in the second
variable &, the semigroup e'*5> satisfies for t € Rt and £ € R

wi (& + 1) (e u)1(§)] < o Zggwl(E)ul(ﬁ)

and forl>2
wi(§ + )| u)(€)] < sup wi(&)ui(€).

£§20

Proof. Let v(t) = (e*7=u)1(0) be the order parameter under the linear evolution. By
Theorem 4.2, there exists a resolvent 7 € L!(R*) such that

v(t) =uq(t) — /0 up(s)r(t — s)ds.

Hence we find

wy (8)[v(t)]

IN

[1 + /Ot ;Uig)) Ir(t — s)|ds

[sup w1 (§)|ua (8]

£20

S [+ |7l L g+)] -

< lsupw1(§)|u1(€)

Thus we can control

wi(€ + B))(er=u)i(€)]

'K wi1(§+1), .00
< [smp @@ [1+ [ 50+ o) D=6 o - ojas
£>0 0o 2 w1 (s)
- [?i%wl(&)ul@)l 14 (0 el a5 e ).
The control for [ > 2 follows directly from the explicit solution. O

We first consider the evolution close to the stationary incoherent state.

Theorem 4.36. Let f°° be the stable incoherent state with velocity marginal g satisfying
G € L*(R) and let ¢y be the corresponding constant from Lemma 4.35. Then for o, 3, A, A > 0

a solution fN to the Kuramoto equation with
in»Jin )

§i=dag(fN, foo

is controlled as

sup e N (1, 6)] < PeMet(cr + A)S

85



4 Stability of the incoherent state in the Kuramoto equation

for times t € [0,T], where T is such that

A
0 < — .
71(01(12_; (e 4 A) 4 Kcye2PH1Te20TedT (¢ 4 A)?

In particular, this controls the order parameter as
In(t)] < e t)t(c) + A)s.

In the case A = 0 the condition becomes

A

0 < .
—K?T(cl + A) + Kci1e26+1Te20T (¢ + A)?

Remark 4.37. The condition on § is always satisfied if 7" — 0 and the condition can equivalently

formulated by restricting the time range.

The proof is based on the following lemma controlling the growth.

Lemma 4.38. With the setup of Theorem 4.36 and with v, A > 0 define

e(t) = e~ sup sup e Ple—@EHN =D N (4 ¢) _ foo(s €)|,
1>1 €50

Then t — e(t) is continuous and the growth is controlled as

e(t) <erd+ sup e(s)

s€[0,t)

KCl(l — eiAt)a
2\

2
Kec
+ =Pt M | sup e(s)| .
0 s€[0,t)

Note that we here restrict to I > 1 as the [ = 0 mode is preserved. As in the stability proof,

we allow some loss over time in the higher modes.

Proof. The result is obtained by studying the difference
'Ul(tv 5) = le(tv E) - floo(t?g) (415)

Since the weight is decreasing and |v;(¢,&)| < 2, the continuity of the Fourier transform
implies that ¢ — e(t) is continuous. Moreover, by mollification of the initial data and
propagation of regularity (Lemma 2.5), the following a priori estimates give the claimed

control.

The evolution of the difference v is given by

0w = Ly<v + R(v),
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4.10 Direct stability results for particle systems

where R collects the remaining terms, i.e.

(Ro)() = 5 [11(0)(3™ (€) — () ~ ma(0)ea()]
and for [ > 2 Xl
(B)(E) = 5 [v1(0)vr1(8) = v (O)uisa (8)] -

The remaining term can be bounded as

Cu K
supe™|(Ru)1 ()] < o1 O]9+ vzl s ex_,) )

€0
and for [ > 2
e K
supe [(Rv)i(§)] < 7‘”1(0”(”UZ—IHLDO(]R*,cxp,a) + ||7Jl+1HL°°(R+,cxp,a)>-

Hence we find by Duhamel for [ > 2

t
e—Ate—ﬁle—a(E—o—lt)e—'yt(l—1)‘Ul(§)| < e—'y(l—l)t—At6+/ KleQﬁe%cse'yte—'yl(t—s)e—)\t+2>\se(s)2d8
0

Kl

< —'y(l—l)t—Atd
=¢ T2

2
eZPe2atevteAl Isup e(s)
s<t

and for I =1
e Me Pem |y, (¢)]

t
K
<cre Mg —I—/ 2L gas+Asg(g) {e*Ate*“S(S + e*’\(t*S)emeo‘se"se(s)} ds
0

2
_ Kci(1—e™) K cqe2Be2otgnt Mt 2
<cre M+ —————25 |supe(s supe(s)| . O
- 2) ) s wrprrrng ol L)

Remark 4.39. A finer estimate looking more carefully at the linear term is

2
K ! K
e(t) <10 + ﬁé/ e M=9e(s)ds + 2O g2B 20t gyt sup e(s)| .
2 0 v s€[0,t)

In particular, ignoring the quadratic term, we can obtain a stricter result on the decay, showing
the continuity of the resolvent on the level of the Volterra equation. Moreover, the obtained

constants can be optimised.

With this estimate, we can now easily obtain the proof of Theorem 4.36.
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4 Stability of the incoherent state in the Kuramoto equation

Proof of Theorem 4.36. Assume for ~, T > 0 holds

Kci(1—e?T)

(c14+A) > 16+ X

K
0(cr + A)d + ﬁewehTevTe)‘T(cl + A)252.
Y
Then the previous Lemma 4.38 shows that for ¢ € [0, T] holds
e(t) < (a1 + A)d.

Here + is a free parameter and the optimal choice for controlling the first spatial mode [ =1

is ¥ = T~!, which then gives the claimed condition. O

The next step is to consider the case when [ is a smooth solution converging to the

incoherent state through Landau damping. In this case the evolution of the difference
(%) (tv 6) = le(t7 5) - floo (ta 6)

evolves according to

Kl
Oror = 0o+ = [ud (O + v (0)uiy — @ O)vrss + 01 (0)uff)]

where ©”V and u* are the Fourier transform of f~ and £, respectively, with the understanding
that vg = §V — §* and ug = §°°.

Again we separate the linear part as
8151} = Lfocv —|— RU

where

and for [ > 2

(Row(©) =5 |

ul (O)vi-1 + 0100y = ()1 + 01 (0)uf%y)|
Using Duhamel’s principle with L -, we can again control the growth, cf. Lemma 4.35.

Lemma 4.40. Assume a damped solution f* to the Kuramoto equation such that the

semigroup generated by Ly is stable as in Lemma 4.35 and that with a > 0 holds

supsup [u° (£, €)| < d(t) < e
1>1 €>0

Let o, B, A,y > 0 and consider another solution f~ with d(f, f°) = 6, i.e. initially the

in’Jin
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4.10 Direct stability results for particle systems
difference v = u™ — u> in Fourier of fN and f> satisfies

supsup e e[ (vin)1(€)] = 4.
1>0 €20

Then for

e(t) = e M sup sup e_ﬁle_a(£+lt)e_7t(l_1)|vl(§)\
I>1 £>0

we have the control

2
e(t) <10+ ¢390°8 4+ ¢7°0% | sup e(s)| +crd | sup e(s)| +co | sup e(s)
s€[0,t) s€[0,t) s€f0,t)
with
o Kepe™?
- 2(a+a)
¢y’ = max (C—l, 2) Eeﬂ+o‘t+7t,
2 gl
Kep (1—e ™)
L=,
2 A

c K
cQ = max (—1, 1) —e2Pe2ateAtent,
2/
Proof. The remaining term Rv can be bounded as

supe”“|(Ro)1 ()] < @0+ D6 + ol exp ) + o (0)](1)]

and for [ > 2

a KT, .o
supe 5I(Rv>z(é‘)lé7[(d () + [v10)]) (lvi=1ll oo (vt exp_) + V141l oo RF exp_))

+ 20 (0)d= (1))
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4 Stability of the incoherent state in the Kuramoto equation

Use the Duhamel formula splitting to find

e Mo Bealétt) lv1(t, &)

K t
< Clef)\t5+ %/ ef/\tfﬁfas [ (doo(s) +e/\s+6+o¢se(8)) (5+e)\s+25+2as+~/se(s))
0
+ e’\s+5+ase(s)d°°(s)} ds
K t
< cre Mo+ %6/ d>(s)e MPmas(s
0
Ke ! A(t ! At ;
+ —— |supe(s) (5/ e~ (_s)ds—i—/ e~ (_s)(1+e5+0‘5+73)d°°(s)ds
2 s<t 0 0
K 2t
+ C1 [sup 6(8):| / e)\t—2>\(t—s)+2ﬁ+2as+'ysd8
2 s<t 0
and for [ > 2

e~ M= Blg—a(é+lt) o—t(l-1) lui(t, )]
t
< ef)‘tefryt(lil)(s—l-Kl/ (doo(s) _|_e)\erﬁJrase(S))ef)\(tfs)+ﬁ+as+'ytf’yl(t7s)e(s)ds
0
t
-I-Kl/ e)\s+ﬂ+ase(s)e—/\t—ﬁl—alt—'y(l—l)tdoo(S)ds
0

t
<e M-V 4 2K [sup e(s)] / e Mims)Fhtastyt=l(t=s) 1o (g)ds

s<t 0

2t
+ Kl {sup e(s)] / o MA2As+2B+2a5+vt—l(t—5) o
s<t 0

Using the bound on d*°(s) then shows the claimed estimate. O

This allows to control the behaviour around a sufficiently damped solution.

Theorem 4.41. Assume a damped solution f such that the semigroup generated by Ly is
stable as in Lemma 4.35 and that with a > 0 holds

supsup |[uf®(t, &) < d>(t) < e 6.
I>1 €>0

Let a, B> 0 and consider another solution f~ with initial difference
N
daﬁ( in > 1?10) = 4.

Then for A, A > 0 and a time range T satisfying

cpd* <1
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and
€% (c1 + ¢5°6%)

1 —c§eé®

A>

and
A= cP6%(c1 4 €56 + A)

d <
cr(er +¢5°0%° + A) + cgler + €526 + A)?

the solution is controlled as

supe ol (¢, 6)| < ePeMe™(c) + 06 + A)S,
§20

where ¢§° is as in Lemma 4.40 and

C1 K
¢y’ = max (— 2) —eftaT T

2’ ¥
KCl (1 _ e—)\T)
cL = —,
2 A
cQ = max (%, 1) KTe?Pe2otedt,

Remark 4.42. By choosing the time-range small enough, we can make c3° arbitrary small so

that the conditions are satisfied for any given A and §.

Proof. The proof is as in Theorem 4.36, where we again choose v = T~! to optimise and

propagate control through Lemma 4.40. O

Finally, we remark that as in the nonlinear stability (Theorem 4.4), we can also handle
the distance in a suitable Sobolev norm. In this case we assume, that we control the smooth

solution as .
(I1+&+1) < 5%

|uz°°(t,§)|7(1+t)a(l_l) <

by Theorem 4.4. The initial distance to fV is measured by

B |(Uin)l(£)|
O R T+ &) max(L, )P

where v is again the difference of the Fourier transform of fV and f°°. In this distance we
assume that «, 8 > 1, which implies that it is controlled by the adapted Wasserstein distance
d( i]I\]]7 1?10)

In this setup, we propagate, similar to Lemma 4.40, the following distance

t
e(t) = sup sup v (t, )| —
1>1 50 (L+ &+ 1)alP(1 +¢)r(=D
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4 Stability of the incoherent state in the Kuramoto equation

Lemma 4.43. Let 1+« > b and v > a. Then the distance e(t) satisfies

2
sup e(s)]

e(t) <10+ 908 4+ ¢7°0% | sup e(s)| +crd | sup e(s)| +cq
s€(0,t) s€0,t) s€(0,t)
with
Key 1-b
=1+t -1
“ 2(1—b)[(+) 5
B a—b+vy+1 a—b+1 a+y—b+1
1+t K 1+t 1+t)*t -1
¢y’ =max | K 3 +1(+) ,Cl(+) (1+1) )
2 2 |la+a—-b+1 a+vy—-b+1
KCl 1
= 1+ttt —1
cr 1+« [( +) ]’
B 2041 2a+y+1 _
1+t v K 1+t 1
CQ:rnaxK§ (L+1) , Cl[(—’—) ] .
2 ~ 21-6 200+ 7y

Proof. We again use Duhamel. For [ = 1 we find

m < b+ K;l /O <(1i:)b +e(s)(1+ s)a> (6+2°(1+ 5)*Me(s)) ds

Key [* asoo(1+8)7°
T/O O

and for [ > 2

’Ul(t,g)
(1+ &+ 1)1+ t)7E=D)

) +Kl/0t<500+e(s)(1+s)a)2e(s)(ltl>ﬁ (1+s)wl+ads

< - -
T (T4t 2 (1+s)b (1 +t)7@=D
Kl [ ansoo (L4 s5)H0
+5 | e(s)(1+ )20 P oD ds.
Bounding the integrals and taking the supremum then shows the claimed bound. O

As in the exponential case, we can use this to find an control over finite time ranges.

We finish this section with a brief discussion. As u" and u> are the Fourier transform of
probability measures, they are trivially bounded by 1. As the weight is decreasing, we could
use this bound for large [ and &, e.g. in order to break the nonlinearity or to restrict to a finite
range of [. As the case for large [ implies the exponential growth this could allow some truly
algebraic control. Also the constants are often bounded by the bound for large I so that using
this control can improve the estimates. Another improvement could be the use of an L? type
norm in order to take advantage of the divergence structure, similar to the ideas in Chapter 5.

Finally, for applications, it would be interesting to compare the results with the expected

distance of a particle system approximating a smooth state, i.e. if we create initial data f& by
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sampling a smooth distribution £2°, we know that in the Wasserstein distance d(fL, f2°) — 0
as N — oo. However, for a better comparison, we are interested in the precise convergence
behaviour in the different distances introduced in this section. With this, we could optimise

the predicted control of the order parameter and compare the approaches more accurately.
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5 Stability of partially locked states in the

Kuramoto model

The work in this chapter has been done in collaboration with Bastien Fernandez and David
Gérard-Varet from Université Paris 7 Denis Diderot and follows the joint preprint [45]. In

this work, we want to understand the stability of partially locked states.

5.1 Overview

In many cases the Kuramoto equation seems to converge to a synchronised stationary state
for a large enough coupling constant. The structure of such states has been discussed in
Section 1.3.2 and as asymptotic states, we expect that all locked oscillators are at the stable
fixed-point. These states are denoted by fs and numerical simulations suggest that these
states can be stable and capture the asymptotic behaviour. In particular, for a symmetric
unimodal distribution, Mirollo and Strogatz [109] showed the absence of growing modes with
a continuous spectrum along the imaginary axis, see also [120]. These states are irregular and
nevertheless the stability of the unlocked oscillators only happens through phase mixing in a

weak sense.

The starting point of this work is the bifurcation analysis in my previous work (Chapter 4
and [46]), which included the stability of these states around the incoherent state, see also
[31].

Thus the idea is to understand the stability again with one-sided exponential norms in
Fourier variables. However, the transport operator L; has no easy explicit solution in contrast
to the free transport operator. We compensate this by using ¢ norms and resolvent estimates,
which take advantage of the divergence structure like in Section 4.4. In devising a suitable
norm, a key requirement is a possible control of the order parameter. With the Sobolev
embedding theorem, this inspired the use of the following weighted norms for the Fourier
transform f For a > 0 and k € R define

1/2
hlla = ( [ quer + wier) dé)
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for h : R— C and

1/2
ol = (Z [ (P + 10cu ) dg) |

leN

for u: N xR+~ C and let A} ;, be the corresponding Hilbert space.

By the Gearhart-Priiss theorem, we can conclude exponential decay under the transport
operator in X, _; and &, ¢ by the resolvent estimates. Adding the finite-rank operator Ly to
find the complete linearised dynamics, we still have exponential decay apart from possible
eigenmodes.

In fact, the stationary states have a rotation symmetry, which means that the linearised
equation has always an eigenvalue 0. Therefore, a stability result must mean that a perturbed
state asymptotically converges to a possibly rotated state. This can be understood through a
center-manifold reduction or by polar coordinates. Our main result exactly shows this for the
full nonlinear dynamics in the absence of additional linear modes.

During the writeup F. Rousset pointed out to us, that a similar use of weighted spaces was
done by Pego and Weinstein [127] in order to understand the asymptotic stability of solitary
waves in the generalised Korteweg—de Vries (KdV) equation.

An additional difficulty is the handling of the regularity loss by the nonlinearity, which
must be compensated by the regularisation of the linear semigroup. In this setup, we have a
solution in X, o and a forcing in X, _; by the nonlinearity.

Typically, like in the work by Pego and Weinstein [127] and in the case of regularising noise
(heat equation), one shows for the semigroup e‘* of the linear evolution an estimate of the
form

leFulla0 < CEH2e™ fullq,-1.

By the Duhamel formula, this then controls the norm at a later time ¢, which we can use to
close the argument.

However, in our case we can only expect that

le"ulla,0 < Ct e |lul

a,—1,

which is not integrable so that this approach does not work. In order to see this, take L to be

the free transport operator, where we find

e w)illa = ™"l (w)la-

Hence we find

L —al
e, s o :I}leaNXle att,

which behaves in the claimed way.

In order to overcome the difficulty, we consider estimates in L? in time, where we can close
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5.2 Stationary states in X, i

the estimates assuming that the nonlinearity is small. By using additional energy estimates,
we can conclude a pointwise bound in time justifying the assumed smallness and yielding the

result.

Theorem 5.1. Consider a partially locked state fy with velocity marginal g. Let a > 0 be
such that ||§|le < oo and let a > a’ > 0 be such that no eigenmode with RA > —a’ exists apart
from the eigenmode corresponding to the rotation symmetry.
Then there exists € > 0 such that for every probability measure fi, € M(I') with velocity
marginal g satisfying
1fin = fitllao < e

there exists Oy € T so that the solution f to the Kuramoto equation has the asymptotic

behaviour
1F(t,-) = Ron Fyllao = O(e™").

Here the hat * denotes the Fourier transform as in Section 1.3, which we identified with

their restriction to N x R, and Rg is the rotated measure, i.e.
(RGf)(aa W) = f(9 + 0, w)'

The possible eigenmodes can be understood by perturbing the transport operator L; with
Lo, the effect of the perturbed order parameter on the stationary state. This can be understood
as in Chapter 3 and the resolvent equation. However, Ly is not linear over C as it involves
the order parameter n and its conjugate 1. We can handle this by formally separating n and
77, which yields a 2 x 2 matrix condition, see Section 5.4

Interestingly, the stability condition exactly matches the stability in the Ott—Antonsen

ansatz, see Section 5.6.2.

5.2 Stationary states in X,

The exponential decay of the Fourier transform used in X, can be related to the analytic
continuation of the original function. Using L? norms, we can prove the equivalence of these

notions.

Lemma 5.2. Let f be a complex valued Radon measure on R and fiz a > 0. Then the map
€ — f(&)e® € LA(R) if and only if there exists F : C — C such that

(i) F is analytic in the strip {z € C: 3z € (—a,0)},
(i) For all € > 0 holds

sup || F(- +iy)|lp2®) < +o0
ye[—a,—e]
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5 Stability of partially locked states in the Kuramoto model
and fory € [—a, —e| holds

IFC+i)ll 2@ = lle™ F()llr2m),

(i) In S'(R) holds
lim F(-+iy) = f().

y—0—

Proof. Assume that f € 8'(R,C) is such that £ — f(£)e* e L2(R) for some a > 0 and let F
be defined by

F(:) = 5 [ e Fes

Item (i) is a simple consequence of holomorphy under integral sign. Item (ii) is a basic

application of Plancherel isometry.

To prove (iii), we first observe that Plancherel Theorem implies the following relation

(P +in)d) = 5= [ o)) ac

for all ¢ € S(R). A simple application of the dominated convergence theorem then yields

¢ = - [ H©3E0e = (£.0)

as desired.

Conversely, assume that items (i) to (iii) are fulfilled. By (iii) and the continuity of the

Fourier transform in &', we have

in §&’. Now (ii) implies that we can write for almost every &

—

FUTig)(€) = o /R e
iy

where the integral is to be understood in semi-convergence sense. Proceeding as in [137],

holomorphy of F' yields

/ e TP (r)de = / e TP (r)dr = 7% / e TP (z —ia)dz = e~ %u(€),
R+iy R—ia R
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5.2 Stationary states in X, i
where u € L?(R) as the Fourier transform of F(- —ia) € L?(R). Therefore, we get

f= lim e ¥e %y in §'(R)

y—0—
= lim e %e %y in D'(R)
y—0—
=e %y
from where the conclusion follows using u € L?(R). O

Recall from Section 1.3, that a possible partially locked state fp1s with a given velocity

marginal g and order parameter 7 € [0, 1] has the form

(a(w)5arcsill(w/(Kn))(9) + (]- - a(w))dw—arcsin(w/(Kn))(9)) g(w) if |o‘}| < K777

fpls(oaw) = w2 — (K 2
") .
— f K
27w — Knsin9|g(w) if ol > K
(5.1)
for a measurable function « : [-Kn, Kn] — [0,1]. Assuming the regularity ||§|l. < oo on

the velocity marginal, we then find that || fyis|lax < oo if and only if a = 1, i.e. all locked
oscillators are at the stable fixed point. Recall that we denoted this stable state by f.

Proposition 5.3. Assume that g € L*(R) and that ||§|ls < +o0o for some a > 0. Then, for
every n € [0,1], the probability measure fp15 defined by Equation (5.1) satisfies ||fp15||a,k < 400
ak < 400 if and only if | forsllapr < 400

for some k € Z, if and only if « = 1. Moreover, pr1s|
for all k' # k.

Proof. The proof is split into two parts. The first part shows that o = 1 implies the finite
norm for any k£ € Z. The second part then assures that a finite norm for any &k € Z implies
« = 1, which yields the statement.

Proof that || sza,k < 00. The previous lemma shows that g has an analytic continuation

in the strip {z € C: Sz € [—qa, 0]} and 3 is analytic in the lower half plane, cf. Lemma 4.30.

w —ia
B( Kn )

The norm can therefore be expressed as

21
dw.

ullos = X0 [ (14 o =)ot = ia)

leN
w —ia
1
5( Kn >’< ’

and the assumed regularity on the velocity marginal

By Lemma 4.30, we have

sup
weR

|@@=Au+w—mﬁww—mmmL

Using the bounds in the integral expression shows the claimed finiteness.
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5 Stability of partially locked states in the Kuramoto model

Proof of uniqueness. The proof proceeds by contradiction and relies on the following

statement, whose proof is given below.

Lemma 5.4. Let f € L*(R) be such that f(x) = 0 for |z| > § for some § > 0, and
€ — f(€)e € LA(R) for some a > 0. Then f =0 a.e.

Now, in addition to fs, assume the existence of a PLS fps with order parameter 1, and

o # 1 and prls
the difference h = fp1s — fs satisfies

ak < +00. Then expression (5.1) implies that the first Fourier coefficient of

e hy € L'(R),
e hi(w) =0 for |w| > K7,
e the Fourier transform satisfies &€ — hy(€)e* € L2(R).

However, Lemma 5.4 asserts that A = 0; hence the contradiction. O

Proof of Lemma 5.4. Consider the shifted f such that supp(f) C [—26,0]. We have |f(z)| <
|| fll1 for S(z) > 0. Now, introduce the map h by

A (1—1iz
h(z) = )
() =1 <1 + z)
Then h is holomorphic in the unit ball D = {z : |2| < 1} and continuous in D \ {-1}.
Moreover, h is bounded within D\ {—1} by || f|:-

Up to dividing by 2™, we can assume w.l.o.g., that h(0) # 0. By contradiction, assume that

f is not identically 0. The mapping z — log |h(z)| is subharmonic (see e.g. [137, Theorem
15.19]), which yields

1 0 1 0
< — 1 = — !
log |h(0)| < o TllI{lﬁ T1og|h(7’e )|do 27T/Tlog|h(e )|dé,

where the equality follows from Lebesgue’s dominated convergence theorem based on that the

quantity |h(e?)| is bounded above. Hence the negative part log_ |h(el")| must be integrable

over T, i.e.

; log_ |f()]
1 h(e?)]dg =2 | =714
J1os neyian =2 [ 2T qr <y,

where we have used a change of variable.

Now, let A = {z € R* : e%|f(z)| > 1}. We must have Leb(A) < 400, otherwise we would
have ||f|lo = +o00. Moreover,

log_ |f(x)| log_ |f(x)| ax
BN ge > [ tgga— D qe > [ a0 _da
/]R 1+ a2 dgc—/]R+ AT o2 dgc—/]R+ AT+ a2
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5.3 Cauchy problem in X, i

Now, using that Leb(A4) < +o0, we get

ax
lpea——=dx < CLeb(A
/]R+ weA1+$2d$_C eb(4) < +oo,

for some C € RT. However, the integral fR+ 14szdx diverges. Therefore, the integral
Jr+ logasatzzyde also diverges, and this contradicts the fact that § — log_ |h(el?)] is
integrable. O

Finally, we remark that the convergence to the partially locked state in these norms implies

weak convergence.

Lemma 5.5. Let {f}nen be a sequence of probability measures on the cylinder with frequency

marginal g and let f be with the same property. We have

lim ||, = f|
n—00

a,0:0:/ lim fn:f7
n— o0
where convergence here is understood in the weak sense.

Proof. The sequence of frequency marginals fT frn(0,w)d0 is tight, because it is constant.
Hence, the sequence {fy, }nen itself is tight.
Let f' be any accumulation point of { f,, }nen and let {n;} be the corresponding subsequence.

Convergence in weak topology implies

Jim (Fui(©) = fi©). V(.9).
However, the convergence || f, — f|la.o — 0 implies that every (f,); converges in H*([—m,m)]),

for every m € RT. By the Sobolev embedding H'([—m, m]) < Co([—m,m]), this implies

lim (fn)l(g) = fl(g)v V(lag)

n— oo

Since the Fourier transform is one-to-one, we must have f/ = f for every accumulation point
f'. Hence lim,, oo fr, = f. O

5.3 Cauchy problem in X,

Using energy estimates with the divergence structure, we can directly prove that the Cauchy

problem in the norm & o is well-posed.

Proposition 5.6. Let fi, € M(T') with velocity marginal g satisfying HfinHa,O < oo and
lglle < oo for some a > 0. Then the solution to the Kuramoto equation with initial data fin
satisfies

sup || f(£)]la.0 < o0
t€[0,T
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5 Stability of partially locked states in the Kuramoto model

for all T > 0. Moreover, the map t — f(t) is strongly continuous in X, .

We identified the evolution of the Fourier transform u(t) = f|nxg in Theorem 4.7, which

we recall as

Dun() = 10u(©) + 5 (1 O 1(6) ~ m Ou (6)) , VAL €N xR, (52)

with the identification uy = §. Using energy estimates, we can construct solutions in X, o

with the claimed property.

Lemma 5.7. Assume that ||§|la < 400 for some a > 0. For every wi, in Xy, there exists a

unique weak solution u of Equation (5.2) that satisfies u(0) = wi, and
u € L™(0,T, Xa0) N L*(0,T, X, 1/2)

for all T > 0. Moreover, u belongs to C(R", X, ).
This shows the main result with the uniqueness from Theorem 4.9.

Proof of Proposition 5.6. Let f = f(t) be a solution of the Kuramoto equation with initial
data fi, and let uy := flnxr. Clearly, uy solves (5.2), and as the Fourier transform of a
measure and it is uniformly bounded in (I,&). Let now u be the solution of (5.2) given
by Lemma 5.7, with initial data ui,. Then, uy and u both satisfy the assumption for the

uniqueness theorem 4.9 for any 8 > 0, which implies uy = u. O

Proof of Lemma 5.7. The proof of existence proceeds via an approximation scheme and a
standard compactness argument based on Aubin-Lions Lemma. We start with the a priori
estimates that are crucial for the limit processes. (NB: these estimates are well-defined for
those {u;(£)} that are finite vectors of smooth functions with compact support).

The first estimate is obtained by testing (5.2) against e2?¢]~1u;(¢). After integration in &,

summation in [/, and taking the real part, we obtain

li 2a& ‘UZ(£)|2 d 2a& 2d
sar o [ e oy [ o

leN

—KR (Z /R ey (0)u—1 (§w (§)dg — > /R **uy (0)urr1(&)w (5)d£>

leN leN

— _K® (ul(o)AeQ“fﬁ(i)U1(£)d§> :

where the last equality follows from a change [ — [ + 1 of index in the first sum. Using the

Cauchy-Schwarz inequality, it follows that we have

Eg 2a€ |ul (€)|2 2aé 2 ~ 2a& 2 1/2
2dt§/; O ag 10y [ eluteac < Klu©)lall ([ #<fusrPac)

leN
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5.3 Cauchy problem in X, i

Proceeding similarly for the derivative d¢u;(§) and combining the resulting inequality with

the one here then yields
d, 9 2 NG .
qellella,—1/2 + 2allullzo < 2V2K|ur (0)][1gllafluala,
Now, using the Sobolev embedding H'(—1,1)) < C([-1,1]), we infer
lu1(0)] < Cllulla,—1/2, (5.3)

for some C' € R*. We also have |[ui]la < ||t]lq,—1/2 and the Gronwall’s Lemma and the

assumption [|g|l, < +oo imply the existence of C; € R such that

t
a3 - 12 + 20/0 lu(s)llz 0ds < e“|luinll? _y /5, VE € RY.
In particular, (5.3) implies

sup |ui(t,0)| < +oo, VT € RT,
t€[0,T]

provided that ||un

a,0 < F00.

With this control on |us(t,0)| provided, we can now pass to the estimate on ||u||q,0. To

that goal, we test (5.2) against e, (€). Proceeding as before, we obtain

li 2a§ 2d 2a§l 2d
2dt%/}; w@Pds+a’y [ (e

leN

= K% (Z [t - Y [ eQ“fz@u(mulH(f)m(g)df)

leN leN

= —KR <u1(0)Z/Reza£Ul1(§)Ul(€)d5>

leN

< K|uy (0)] (Hgna ( /R e2“5|u1<£>|2d5)1/2 +y /R 92a§|ul(§)|2d§>

leN

Repeating the argument for the derivative Ogu;(€) then yields

d .
Slull2 o+ 2alull? 10 < 2K (VEur0)]13lalluslla + lua O)]ullZo ) -

Finally, we use on one hand the bound (5.3) with [|u[|4,0 instead of |u|,,—1/2 and the inequality
llutlla < ||lulla,0, and on the other hand the first estimate on sup,co 7 [u1(t, 0)|, to conclude

the existence of Cr < +oco (growing at most exponentially with 7' € RT) such that the
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5 Stability of partially locked states in the Kuramoto model

following inequality holds
t
oo+ 2 [ fu(a) 2 s < <2, Ve € 0,71 (5.9

This estimate allows one to construct a global weak solution using standard arguments. For
instance, one can consider a sequence of approximate systems, by projecting equation (5.2)

onto a finite number of modes:

Kl
Ouuf (€) = 10gu (€) + Pu -

(wr O)ui1(€) — W O)ufy1(€))  Y(1L€) € {1,...,n} xR. (5.5)
Here, P, is the projection onto modes [ € {1,--- ,n}. The approximate initial data u™(0) :=

n
mn

Xa,0. For any given n, (5.5) is a simple transport equation with a smooth semilinear term

ul’ is taken smooth, zero for I > n and |{| > n, and such that it converges to w, in
and a smooth and compactly supported initial data. The existence of a local in time
solution u™ is well-known [133]. The solution is smooth and compactly supported, with
supp(u(t)) € {1,--- ,n} x [-n(1+t),n —t]. Moreover, the previous a priori estimates extend

straightforwardly to this approximate equation
t
[u™(@®)]17,0 + 2@/ [u™ ()3 yds < e lu 170 < O, Vit € (0,71,
0

for any T less than the maximal time of existence T™. It follows in particular that 7" is
infinite. Indeed, assume a contrario that 7™ is finite. As u™ is compactly supported, the
previous bound implies that u, belongs to L>((0,7™) x {1,...,n} x R). This prevents blow

up of the solution in finite time, and we get a contradiction.

Let T > 0. From the bound on (u™)nen in L*°(0,T, X,,0), one can obtain a bound on the
sequence (Oyu™)nen, using equation (5.5). More precisely, the quantity hj'(¢,§) = M is
such that

(Oth™)pen is bounded in L>(0, T, 1%(N, L*(e2*¢d¢)).

Thus, (u)nen is bounded in L (0, T, H*(—1,1)) and the time derivative (9;u})nen is bounded
in L>°(0,T, L*(—1,1)). By Aubin-Lions Lemma, one obtains the strong convergence of a
subsequence of (uf(-,0))nen in L>(0,T). Together with the weak compactness of (u™),ey in
L>(0,T, X, 0) N L*(0,T, X,,1), this allows to take the limit n — 400 in (5.5) and yields the

existence of a solution u of (5.2).

For the proof of uniqueness, we use an energy estimate for the difference v = uy — uq of
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5.3 Cauchy problem in X, i

two solutions. Proceeding similarly to as for the a priori estimate above, one first obtains

1 (l| a.
aaZ/ el g 1 o3 [ el -

leN
_ 73? o206 VIS Ul Ul+1 d§+ 2a5 (u )vl(f) e
( %/ I+1 ZEZN/ 2)i-1(8) =
—v 2a§ u . ) l(f)df)
1( %/ 2)1+1(& /

and then d
&HUH —1 7+ 2allv]l3 yye < O3 o,

for some C' € RT. Applying Gronwall’s Lemma, the assumption v(0) = 0 implies that

v(t) =0 for all t > 0 as desired.

wi(t,€)
l

To prove continuity, letting h(t,§) = , we first observe that

heL>®(0,T,X,1) and 9:h € L (0,T,1*(N, L*(e***d¢))), VT € RT.

From standard functional analysis (see e.g. Theorem 2.1 in [146]), it follows that h is weakly
continuous in time with values in X, 1, and thus u € C,,(R™, X, o). Moreover, since X, is
a Hilbert space (hence a uniformly convex space) to obtain strong continuity, it suffices to
prove that

t = Jlu(®)lao

is continuous (see e.g. Proposition 3.32 in [24]). We consider separately the cases t = 04 and
t>0.

Right continuity at 0 is rather straightforward. On one hand weak continuity implies
lim inf {|u(t) a0 = [[w(0)]]a.0-
t—0+
On the other hand, the estimate (5.4) above implies

limsup [[u(t)]la,0 < [[u(0)]la,0-
t—0+

For t > 0, we use the regularization effect induced by the weight. The integral term of (5.4)
shows that
[u(6)la,1/2 < +oo, for a.e. § € RT.

Take any such 6. By mimicking the arguments above, one can construct a solution 4 =
{@(t,€)} of (5.2) over (§,4+00) satisfying

ae L®0,T, X, )N L*(6,T,X,,1), forallT >3,
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5 Stability of partially locked states in the Kuramoto model

with @(8) = u(8). By invoking the uniqueness of the solution in L°°(8, T, X, 0)NL?(4, T, Xa1)2)s
we deduce @ = u. It follows in particular that u € L*(6, T, X, 1) for any T > ¢ > 0. It is then
easily seen that (5.2) reads

Opur (§) — 10w (§) = Fi(§)
where F € L?(6,T, X, ) for any T > & > 0. Using the explicit formula
t
w(t§) = w6, + [ Fs.&+it-s)ds, 135>0,
5

one can check that u is continuous at positive times with values in X o. O

5.4 Linear analysis

As for the Cauchy problem, the dynamics of a perturbation is studied in Fourier variables.
For a stationary state fs; with order parameter 7, we consider the evolution of a perturbed
system fs + u in Fourier variables. Throughout the analysis we will take w.l.o.g. ny € [0, 1]
and use u to denote a perturbation in Fourier variables. Focusing again on the spatial modes

! € N and using the notation ug = 0, the evolution is governed by
Ou = Lu + Qu,

where L = L1 + Lo is the linearisation given by

(1) =1 (Beua(©) + 7 (wa(©) — wrna€)))

and

(Loun(€) = S (w0 (fhir () ~ ) ()ir ()

and the nonlinearity

Kl

(Qu() = 5= (w (Ou—1(§) = O+ (9)) -

Throughout we fix a > 0 such that the velocity marginal g satisfies ||g||, < co. For any

k € N the transport operator L; is a closed densely-defined operator on &, ; with domain
Da,k = {u S Xa,k : Lyu e Xa,k} .

The density can easily be seen from the fact that D, j contains all smooth compactly supported
functions. As the free transport operator [0¢ generates a strongly continuous semigroup, it is

closed and thus is the combined operator L.
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5.4 Linear analysis

5.4.1 Transport operator

In the coherent state we could explicitly solve the transport operator and conclude the decay.
For the inhomogeneous state, we replace this with the following resolvent estimate. This is

the key estimate capturing the decay and the main reason for the choice of the norm.
Lemma 5.8. Let k € {—1,0}. The resolvent set of L1 over X, contains the half-plane
R(A) > —a and we have

1
min{a, R(\) + a}

[AId = L1) M x a0 < , YAEC : R(\) > —a.

Moreover, letting Ao = —a + %, we have in the half-plane R(N\) > Ao

1

- -1 S —
1 = 20) ke < gy

By the Hille-Yosida theorem L; therefore generates a strongly continuous semigroup. In
addition, the first estimate of Lemma 5.8 implies that ||(AId — L) ™! ||, & is uniformly bounded
over the half-plane R(\) > —a + € for any € > 0. The Gearhart-Priiss Theorem (see e.g.
Corollary 2.2.5 in [116]) then implies that the semigroup e’ must be exponentially stable

with some rate b > a — e.

Corollary 5.9. For k € {—1,0}, the operator L1 generates a strongly continuous semigroup

on Xg . Moreover, for every b < a, there exist C € RY such that
et F||qp < Ce™ Wt € RT. (5.6)

Moreover, the first estimate shows the needed gain of regularity.

Proof of Lemma 5.8. To derive the claimed inequalities, we consider the resolvent equation

(ANd — Ly)u = v.

The second estimate is obtained by testing against 2?¢12%4,(¢), under the assumption ||ul|,r <

4o00. After integration in &, summation in [ and taking the real part, we obtain

RS / 29 [Py () Pdg + 0 Y / 29124y (6)| 20

leN leN

e (Z / PR (uy_ () ur(E) - ul+1(§)ul(£))d£> < Jutllai [0l

leN

A change [ — | + 1 of index in the third sum yields, also using ug(£) = 0 and simplifying the
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5 Stability of partially locked states in the Kuramoto model

expression of (I 4+ 1)2¥+1 — 2k+1 for k€ {—1,0}

RN +a)Y / 228 |y (€)2de

leN
Kns a —_—
< =R (Z / 26 (1 + )P — 12 m(f)um(f)d&) [l [k
len /R
Kns
< = lullf g+ llla klollo k-

2

As in the proof of Lemma 5.7, one can proceed similarly for the derivative d¢u;(§) and the

second estimate easily follows.

For the first estimate, we proceed similarly for k = —1/2 and use the inequality

%(A)Z/Re2a5|ul(§)\2d§ < %(A)Z/Rezafl_1|ul(§)|2d§, YA : Re(\) <0,

leN leN

to obtain

min{a, R(A) +a}Z/ReQ"§Iw(€)\2d§ < lullaollvlla,~1,

leN

and then
[v]la,—1

RO Ta AEC R) > —a,

[ulla,o <

from where the first estimate follows. Finally, standard arguments (e.g. Galerkin approxima-
tion) based on this estimate show that AId — L is invertible for () > —a. O

5.4.2 Eigenmodes

The operator Lo depends only on the order parameter and, as discussed in Section 3.1, we
can use Duhamel’s principle to derive a Volterra equation for the order parameter. However,

the eigenmode analysis works over C and Ly is not linear over C.

In order to get a C-linear operator and to investigate its spectral properties, one may
consider the real and imaginary parts separately, as in [109, 120]. We use an alternative
approach here, based on complex conjugates. Given u = {u;(&)}nxr and v = {vi(€) }nxr

(which is a substitute for ), let

u(§)

2
vl(f)> €C2, VY(,§) eNxR,

u = {u;(&) }nxr where u;(§) = (

and consider the operator L = L; 4+ Ly defined by

(L (€) = <(L1U>Z(£)>

(L1v)i(€)
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and

(Lau)i(§) =

2 \~(fa)ir1(&)  (fs)i-1(9) v1(0)

The operators L, are defined in such a way that when v;(§) = u;(€), we have

" _ [ (Liu)i(€) ori—
(Lz )l(f) (w)l(g)> ) fi 1,2.

Kl ( (fa)ia(6) —(fsom(s)) <u1<o>>.

As Ly is just the tensor product of L, it generates a semigroup with the results from
Corollary 5.9. Now Ly is a bounded C-linear operator, so that L generates a strongly

continuous semigroup. For the range of Ly we also introduce py, for k € Z by

D)) = 1 Ffst)ian_1(8), V(I,6) eNxR.

Using Duhamel’s principle as in Section 3.1 then shows that the order parameter n of the

perturbation satisfies the Volterra equation
At t _
) +/ it —s) () as = Pty
n(t) 0 n(s)

_K ( ("10)1 (0) —<etL1ﬁ2>1<o>>

with the kernel

—(e*1p2)1(0)  (e*10)1(0)
and the forcing
F(t) = (e“‘luin)1 (0).

Thus we find an eigenmode A € R\ > —a in the complexified version if
K
det (Id - 2M(/\,7]St)> =0,

where

K
Lk = EM()\,nSt).

By the decay of the transport operator L;, the matrix M is well-defined and analytic for
R > —a. Explicitely, it is with the resolvent of L, given by

(5.7)

MO\ ) = ((AId = L1)""p0)1(0)  —((AId — L1)~'p2)1(0)
s llst) — = N == = .
) —((AId — L1)="p2)1(0)  ((Ald — L1)~"p0)1(0)
In fact, we can show that the complexification does not introduce and spurious eigenmodes.
Therefore, it describes the linear stability accurately. In particular, the existence of such an

eigenmode means that the order parameter is not decaying under the linear evolution and
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5 Stability of partially locked states in the Kuramoto model

this is the main observable of the system.

Resolvent of L

As we need to derive the decay and regularisation of the linear semigroup from the resolvent
estimates, we establish the eigenmode condition on the level of the resolvent of L. We note,
however, that the results can also be obtained by studying the Volterra equation like in
Section 4.3.

By the Riemann-Lebesgue lemma, we can characterise the behaviour of M.

Lemma 5.10. The matriz M (X, ns) from (5.7) is analytic in RA > —a. Moreover, for any
a’ < a we have ||[M (X ns)|| = 0 uniformly as |A| = oo in RA > —a’.

Proof. As the Laplace transform, the decay Corollary 5.9 shows the claimed analyticity
in the region. The decay follows likewise from the decay of the semigroup e’ and the

Riemann-Lebesgue lemma. O

The spectrum of L can now be described by the following lemma.

Lemma 5.11. Let k € {—1,0}. In the region {\ € C : R\ > —a}, the operator L on X;k

has only a discrete spectrum, where the eigenvalues are the roots
K
det(Id — 5M()\7 Nst)) = 0.

For a' < a there exists a constant R such that

sup ||((—a’ +iy)ld = L) M|, 4,0 < 00
RA>—a’, |A|>R
In particular, if @’ < a is such that the line {\ € C: R\ = —a'} does not contain an eigenvalue,
then

sup [[((—a’ +iy)ld — L) la, s a0 < +00
yeR

Proof. By Corollary 5.9, the operator L; generates a strongly continuous semigroup with
decay rate at least a. Hence the resolvent contains the claimed region. The operator Ly is a
bounded finite-rank operator and thus does not change the essential spectrum of L.

For the discrete spectrum, let

U = {U;(€) Yxr where U;(€) = @8) e C?,

then the resolvent equation (Ald — L)u = U can be written in the region R(A) > —a

(Id — (/\Id — Ll)_ng) u= ()\Id — Ll)_lU.
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5.4 Linear analysis

An important property is that the vector Lou, and hence (AId — L;)~!Lyu, only involves the
component uq(0) of u. Using also the commutation L1w = Lju, it follows that the component

(1,€) = (1,0) of the resolvent equation writes

(10 50w ) 1(0) = O = L), 0 (53)

Therefore, in the case where Id — & M (X, 1) is invertible, let u* = {u} (£)}nxr be any vector

for which u(0) solves (5.8). We infer that the resolvent equation has a solution given by
u=(AId— L)t (Leu* + V),

which is unique since (Ald — L1)~!Lou* only involves the component u}(0).

For o' < a the inverse of M for R\ > —a’ can be controlled by Lemma 5.10 for large enough
|A|. Hence the claimed supremum bound follows from Lemma 5.8. Likewise, if ' < a is chosen

with no poles on the line ®A = —a’, the solution for u;(0) is bounded and the result follows.

On the other hand, if det (Id — %M()\, nst)) =0, let uf be with component
K
ul (0) € ker (Id - 2M(A,nst)) .

Using once again that (AId — Ly)~*Lou® only involves uf(0), one directly checks that (ALd —
L;)"'Louf is an eigenvector of L with eigenvalue A. Consequently, det (Id — %M(A, nst)) =0
if and only if X is an eigenvalue of L in the half-plane R(\) > —a. O

Absence of spurious modes

We show that the complexification process does not generate unstable spurious modes, i.e.
to any eigenvalue A with R(\) > 0 of L (resp. non-zero eigenvalue on the imaginary axis),
corresponds a diverging (resp. rotating) solution of d;u = Lu. We consider the cases S(\) # 0

and A € R separately.

Case 3()\) # 0. In this case also A must be an eigenvalue of L. Choose u with components

01 (0) = (“1(();) € ker (Id - [;M(A,nst)>

1}10

and U with components
_ U1 (O) ( K _ >
0) = cker (Id— —M(\ng) | .
u1(0) <u1(0)> r D) (A st)
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5 Stability of partially locked states in the Kuramoto model
Then the trajectory ¢ — U(¢), (uniquely) defined by
U(t) = eM(AId — L1) " Lou + eM(Nd — Ly) Lo,

is a solution of the equation d;u = Lu. Moreover, this solution components satisfy
(V()i(&) = (U(t))i1(&); hence the definition of L implies that {(U(¢));(€) }nxr satisfies

the equation d;u = Lu.

Case )\ € R. In this case, the matrix Id — %M(A, 7st) must be Hermitian and of the form

el®o el?2
P\ omid2  g-ido |

for some ¢q, ¢2 € T and p € R*. Clearly, as p # 0, the kernel of this matrix is spanned

by
el¢
e~

for a given ¢ € T. Letting u;(0) be in this kernel and U(t) = eM(Ald — Ly)~!Lou, we
have that the first component {(U(t));(£) }nxr must also satisfy the equation dyu = Lu

in this case.

Stability condition

The rotation symmetry Rg of the Kuramoto equation expresses as a phase symmetry in
Fourier variables, i.e. if t — u(t) = {w;(¢, &) }nxr satisfies (5.2), then for every © € T, the
trajectory ¢ — Reu(t), where (Rou(t));e = ¢'©uy(t,€), also solves that equation. As noted

in [109], this indifference to phase changes implies that we must have

Lu=0 foru= DRfSt,

where DR := dc%@ ©=0 is the symmetry infinitesimal generator and writes

(DRu)i(€) = ilu(£).

In particular, L has always the eigenvalue 0.
If this is the only eigenvalue with nonnegative real part, we define the partially locked state
as linear stable. Indeed if it fails, the order parameter is not decaying, so that the system

cannot appear to be stable.

Definition 5.12. The stationary state fs is stable with rate a’ < a if

K
det (Id - 2M()\,775t)) £0 for RA > —a’ and X\ #0
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5.4 Linear analysis

and

lim inf > 0.
A—0

1 K
X det (Id — ?M()\, nst)>

This is precisely the sense in the statement of Theorem 5.1 and the second part ensures that

the eigenvalue 0 is simple. Indeed as in Lemma 4.21, we would otherwise have a generalised
eigenmode not corresponding to the rotation symmetry.

By Lemma 5.10 we can always find a decay rate if there is no other non-negative eigenvalue.

Proposition 5.13. If fy is such that
K
det (Id— 2M()\,r]st)) #0 for RA >0 and A #0

and

lim inf
A—0

2

% det (Id EESVI nst)) ‘ >0,

then there exists a’ > 0 such that fs is stable in the sense of Definition 5.12.

Proof. The function
K
A — det (Id — ?M()\, nst))

is by Lemma 5.10 analytic in R\ > —a and converges to 1 as |A] — oo in A > —a + € for

any € > 0. Hence it can only have finitely many roots so that a claimed rate a’ exists. O

Using the special form of the stationary states, we can express the components of M as

explicit integrals for A > 0.
Proposition 5.14. For k € NU{0} and R\ > 0 we have

# (%5)

A +iw+ Kngf8 (K“j,st)

T\ mst) := ((MId — Ly) " 'pr)1(0) = /R g(w)dw.

Proof. We use inverse Fourier transforms with respect to £. Let

i) = 5= [ = Gon(erae,

and let L be the inverse Fourier transform of Ly, ie. Llpk = L1py, when passing to Fourier

transforms with respect to £. We have

(Md — Ly)~1p1)1 (0) = / (Md — £1) ") (),

provided that ((AId — L1)~'py); € L'(R), and expression (5.1) implies

(Pi() = U)o () = 18T (“’) o(w).
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5 Stability of partially locked states in the Kuramoto model

Now, using the expression

(Lyu)(w) =1 (iwul(w) + K;“ (u—1(w) — ul+1(w))) ,

and, twice in a row, the equation 3(x)? + 2iz3(x) — 1 = 0 from Section 1.3.2 that defines 3,

one obtains

2 w
CKpy 1P (Knsf)(

(Bt =53 ) == (104 Kna8 (12 ) ) (o)

from where it results that

k(_w w
((Md = L) 'pp)i (w) = /H_.ﬂ 4(_};7;);(( )w )
iw st | Koo

Using the expression of 5 and |5(-)| < 1, the following inequality holds

8 () 1
A iw + Knef3 (ﬁ) ~ RO

provided that R(\) > 0. The integral is therefore convergent and the lemma follows. O

For R(A\) = 0, the integrals have to be understood in a weak sense: it is the limit as R\ — 0+
This limit exists because of the continuous dependence of the resolvent (AId — L;)~! on .
In practice, the values on the imaginary axis can be computed as a principal value with
correction terms, using Plemelj formula as in [157].

These integral expressions allow an easy numerical computation of M (), 1 ). Moreover, we

can again formulate by the argument principle an easily verifiable stability criterion.

Criterion 5.15. The stationary state fs is stable if the curve

1+ix
T

z — det (Id - I;M(ix,nst))

for x € R has zero winding number around 0.

5.4.3 Spectral projection

From now on assume, that the configuration is stable with rate a’, i.e. with ®\ > —a’ there
exists only the zero eigenmode corresponding to the rotation symmetry. In order to separate
the direction, we need for k € {—1,0} a projection operator Py on X, j such that LPy =0
and PyL = 0, i.e. the range of Py is ker L and Py commutes with L.
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5.4 Linear analysis

On the complexified L, we can define such a projection P through holomorphic functional

calculus as in Lemma 4.22.

Proposition 5.16. Let fy be stable with rate o' and k € {—1,0}. Define the spectral
projection Py on Xf,k by

Po:u— — (AId — L) tudA.
2mi [A|=a’/2
Then Py satisfies LPg = 0 and PoL = 0. On the complementary subspace PsXa%fl with
P, =1d — Py we have

sup |[|(A\Id — L)Y
RA>—a’

P.X2_ X2, < 00
Moreover, the subspaces PoX, ) and P&, i are invariant under the semigroup eth.

Proof. The properties of the projection follow directly from the holomorphic functional
calculus and Lemma 5.11. As Py and P, commute with the generator L, the subspaces are

invariant. O

Using the adjoint L*, we can characterise the projection more explicitely. By the rotation

DR/,
) ¢ erl
DRf

and ker L is one-dimensional. Accordingly, let u* be in ker L* such that

((D}?Jiﬁ> ,uty =1
DRfst

using the scalar product on Xf’o defined by

symmetry, we recall that

li
(u,u") = (u,u) g0 + (v,0")a0, where u= <Z> and u’ = (Z’) )

Lemma 5.17. The projection Py has the form

Pu = (u,u™) (Eg?j

foru e X2,. Moreover, u* takes the form

with u* € Xy 1 for all k € NU {0}.
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5 Stability of partially locked states in the Kuramoto model

The last property shows that Py defines in Xik for any k € Z a continuous projection.

The form of u* shows that we can define the projection Py on X, by

Pou = 2R((u, u*)a,0) DR st

P
Pou = <0u> for u = (u) ,
PQU u

so that Py and Ps; = Id — Py inherit all the properties from Py and Pj.

with

Proof. By Lemma 5.2, we always have DRfst € X, and by the rotation symmetry it is in
ker L. Furthermore, it shows that u* is well-defined and we explicitly find

PoL = LPo = 0,

which completely characterises Pg.

u) € ker(L*) be arbitrary. Then (u +U> = (u i U) € kerL*,

For the structure of u*, let
v v+u uU+v

*

which implies u* = ") as claimed. Indeed, either u + 7 # 0 and that ker(L*) is one-

u*
dimensional implies that we must have uv* = A(u + ©) for some A € C. Or v+ 7 = 0 and then
u* = Aiu for some A € C.

For the regularity observe that L* can be explicitly computed as L* = L] 4 L5 where

with
(Lju) = —1 (9w + 2auy) + K;“ (L + s — (= Dugs)
and
w5 (i)
with

m J2ay [ Feahia(©) —(fsam(s)) (m(ﬁ)) 4
X £,
( ) %%/ ( (f)1(&)  (Fr)im1(8) vi(§)
where we have used the Kronecker symbol and w : R — C is the function such that ||w||, < 400

and
(w,w")q = w(0), V' : R = C : |Jw'|], < +o0,

where (-, ), is the scalar product that generates | - ||,. The existence and uniqueness of w is

guaranteed by the Riesz Representation Theorem, using Sobolev embedding to ensure that
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5.4 Linear analysis

w’ — w'(0) is a continuous linear functional.

Consequently, u* must satisfy the equation (Liu*); = —c*wd;; where
¢ == % [ @ (R @6 ©) = (e (@) de.
leN

Letting z; = —K;’“ (up41 + w—1) + c*wdy 1, the equation can be written

K
1 (0 + 200+ 5P ey i) ) =i

We have z* € X, o; hence one can perform similar energy estimates to those in the proof of
Lemma 5.8 to obtain

[u*lla,172 < Cll2"||a,0,

for some C' € R*. This inequality implies that 2* € X, /2, and therefore

[0 lla,r < C" 2" [lay1/2,

and the claimed regularity follows using a bootstrap argument. O

5.4.4 Forced linear equation

By the Gearhart-Priiss theorem, Proposition 5.16 shows decay on PyX, j for k € {—1,0}.

Corollary 5.18. Let k € {—1,0}. There exists a constant C such that
le o < Co™lulla

foru e P&X, .

For the regularisation, we introduce norms over time and adapt the Gearhart-Priiss theorem.
Given an Hilbert space H with norm || - ||, a positive real number v, and a mapping

w: Rt — H, consider the norm |lwl|| g defined by

1/2
fulas = ([ lowliar)
R+

We have the following statement.

Lemma 5.19. Let X and Y be Hilbert spaces, where X is continuously embedded in'Y . Let A
be a densely defined linear operator that generates a semigroup, both on X and on'Y. Assume
the existence of v € RT such that the resolvent of A over both spaces contains the half-plane
R(A) > —v and satisfies

sup [|((—v +iy)Id — A) "y x < Ck,
yeR
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5 Stability of partially locked states in the Kuramoto model

for some Cr € RY and

sup ||(AId — A) 7y x < oo
RA>—v

Then the unique mild solution w € C(RY,Y) of the initial value problem

dw
A
T w4+ G

where the forcing G : Rt — Y satisfies |G|y, < +00 and the initial condition w(t) = wi,
satisfies ||win||x < 400, has the following properties

o w(t) € X for a.e. t € RT
* [lwllxy < C(lwinlx + IGlv.H)
for some C € RT.

Proof. The mild solution of the initial value problem is characterized by the Duhamel’s
formula

t
w(t) = e wiy + 1(t), Vt € RY, where I(t) = / et=9)AG(s)ds.
0

By the Gearhart-Priiss Theorem, the resolvent estimate shows that there exists v > v and
Cqe € RT such that

le"wllx < Cae™ e wllx, Yw € X,t € R,

which yields
Ca
(vé =)

Moreover, for R(z) > —~, the Laplace transform LI of the integral term I exists as Bochner

e win] x4 < | win | x -

integral over Y and satisfies
(LI)(2) = (21d — A)"HLG)(2),

where LG is the Laplace transform of G. On the line £(z) = —~, the Laplace transform LG

exists as a L? function by the Plancherel’s Theorem, and we have

/R 1(£G) (— + iy)[2-dy < 271G,

The assumption on the resolvent estimate then implies

/R (LD (— + iy) 3 dy < 20CR|GIZ,-

Using the Plancherel’s Theorem again, this time to (LI)(—~ +1i-), it follows that I(t) € X for
a.e. t € RT and ||I||§(7 < 27TC'RHG||§,W. Combined with the estimate on the initial term this
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5.5 Nonlinear stability
shows the claimed result. O

Now, Proposition 5.16 implies that the operator L satisfies the condition of the Lemma with
X = PS(X,E’O), Y =Py (X2

+_1) and v = a/. The Lemma then yields the following conclusion

for the initial value problem
Owu = Lu+ PyF(t), and u(0) = uin € Ps(Xq,0), (5.9)

where we use the notation

1/2
ellois = ( / e%tnu(t)z,kdt) .
R+

Corollary 5.20. Let fy be a stable state with rate a’. Then there exist C > 0 such that, for
every forcing signal satisfying ||F|lq,—1,p < 400, the initial value problem (5.9) has a unique

mild solution t — u(t) € C(RY, X, _1) with the following properties
o u(t) € X, for a.e. t € RT,

i ||u||a,0,b < C(Huinlla,o + HF”a,fl,b)-

5.5 Nonlinear stability

The proof of the nonlinear stability result (Theorem 5.1) proceeds through a localisation of
the nonlinearity. For a strong enough localisation, we can then show that ||u]|q,0,.- can be
made arbitrary small, where u denotes the distance to the (rotated) stationary state.

The control on ||ul|4,0,e follows from Corollary 5.20 using Duhamel’s principle and the
smallness of the nonlinearity through the localisation. The handling of the rotation symmetry

can be done by a center manifold reduction (Theorem 4.26) replacing the norms

sup |1/ (1)

(/ t (0] -

By the rotation symmetry, we can explicitly identify the reduced manifold and conclude the

by

result.
However, we can also construct the projection explicitly using polar type coordinates. Let
f be the Fourier transform of the perturbed system in a sufficiently small neighbourhood of

the circle {R@fst}@e'ﬂ‘ in X, 0. We can decompose it as

f=Re (fu+u), (5.10)
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5 Stability of partially locked states in the Kuramoto model

where (0, u) € T x Ps(X, ) is such that ||u||q,0 — 0 when the distance d (f7 {R@fst}@ET) — 0.
To see this, consider the map F': T x X, o — R defined by

F(Ga f) = %<R,@f - fstaU*>a,07

which is such that F(©, f) = 0 if and only if f satisfies (5.10).

We compute
F(0, fu) = 0 and 8o F(0, fur) = —R ((DRfstsu")ao) #0,

hence by the implicit function theorem, for f close enough to fst, there is a smooth Oy = O f )
near 0 such that F(@O(f?)7 f) = 0. This proves the claim in the neighbourhood of fsh with
U= R—eo(f)f — fst. To extend that property to a neighbourhood of {R@f;t}(_)gﬂ‘, notice that
letting

@min = argmiDGET ||f - R@fst”a,O;

the element R_g f is close to fst when f is close to the circle. Hence, one can apply the

min

previous argument to R_o.. f to obtain f = ]:3@0(11@ ) +Omin (fst + u) with u as desired.

min

In this coordinates we can precisely express the decay.

Lemma 5.21. Let fy be stable with rate a’. Then there exists € > 0 and C such that for

initial data fin with decomposition
fin = R@in (fst + u)
with iy and uiy, € PsXy o and ||ullqa0 < €, the solution f of the Kuramoto equation satisfies
1f = Ro llao < Clluille™"
for a function © : R™ — T exponentially converging with rate a’ to a limit.

This lemma in particular proves Theorem 5.1.

Proof. By inserting the expression (5.10) into the equation (5.2) of the Kuramoto dynamics

in Fourier variables, one gets after using equivariance

L doe
DR(fst + U)E + Ou = Lu + Qu.

Applying Py and P;s respectively, and using PpL = 0, PyL = LP, and the normalization

<D]:2 ft, u*) = 1/2, two independent equations result for the variables © and u, namely

40 2M(Qu.u)ug
dt 14 2R(DRu,u Yo

(5.11)
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5.5 Nonlinear stability

and

2R(Qu, u™) g0
1+ 2§R<DRU, U a0

Oyu = Lu + P,Q'u where Q'u = Qu — DRu. (5.12)

As intended, the right hand sides of these equations do not depend on the angular variable ©.

Moreover, the Cauchy-Schwarz inequality implies
(DRu,u*)a0| < 2lullaollu* a1,

and the regularity from Lemma 5.17 implies ||u*|q,1 < +o00. Therefore, these equations are
well-defined as long as ||ul|4,0 is small enough (so that the denominators do not vanish).
Now, if the (restriction to N x R of the) Fourier transform fi, of an initial probability
measure f;, is sufficiently close to fsh then not only the corresponding initial ui, € Ps(Xy,0)
is small, but the solution f (t) must remain close to fu fort e (0,7T), a sufficiently small time
interval, by the continuous dependence in time (Proposition 5.6). Hence, both ansatz (5.10)
holds and the equations above are well-defined over (0,7). That these properties holds for all
times (provided that fin is taken even closer to fst) is a direct consequence of the following

statement.

Proposition 5.22. For a stable state fi with rate a/, there exist € ,C > 0 such that for
all uiy € Py(Xy,0) satisfying ||uinlla,0 < €, equation (5.12) has a unique solution t — u(t)
satisfying u(0) = ui and

lu)llao < Cllumllaoe” ", Vt € R,

This statement is not as obvious as it may look because the quadratic term Q" maps X, o
into &, _; and is proved below.

In addition to ensuring that both ansatz (5.10) and equations (5.11) and (5.12) are globally
well-defined when starting sufficiently close to fst, Proposition 5.22 implies that the solution
must asymptotically approach the PLS circle. To complete the proof, it remains to show that

the solution’s angle asymptotically converges ©(t). We have
(Qu, u")a0l < [Qulla,~1llw"[la,1,
and the definition of @ and the Sobolev embedding yield
1Qulla,—1 < C"llulla,—1/2lulla,0 < C'llull? o (5.13)

for some C’ € RT. Hence the driving term in equation (5.11) must also decay exponentially

with rate b. Consequently, the following limit exists

/ 2R(Qu(s), u*)q,0
R

O = _lim O(t) = O(0) + ;
im O(t) (0) + 14+ 2R(DRu(s),u*)a0

t—+o0

)
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5 Stability of partially locked states in the Kuramoto model
and we have O(t) with limit O, converging exponentially. O
Using the forced linear analysis, the used proposition can be proved.

Proof of Proposition 5.22. Given € > 0, consider the localisation Q). : X, o — X, _1 as smooth
mapping such that
Q'u if ||ullao <€

0 if uflao > 2.

Qu =

When ¢ is small enough, the denominator in the expression of Q' remains positive over the
ball {u : |julla,0 < 2¢}; hence Q.. is globally defined over X ¢ in this case. Moreover, using

the inequality (5.13), we infer

1Qeu

la,—1 < 26Ck [|ul[a,0-

Adapting the analysis in Section 5.3, one can show for all u;, € Ps(X,,0), there exists a unique

global in time weak solution
u € C([O?T]a'Xa,O) QLQ(O,T, Xa,1/2) vT > 07
of
Ou = Lu+ PsQlu (5.14)

with u(0) = ui,. Moreover, by standard arguments, it coincides with the mild solution of
Equation (5.9) with F' = Q..
Applying Corollary 5.20, we conclude that the solution of (5.14) satisfies the inequality

C
a,0,a’ S T e 4~ infla,0, 5.15
ot < T—pegg linllao (5.15)

provided that € is small enough, so that the denominator here is positive.

In order to get an L bound, we directly perform an estimate on equation (5.14). We get

1d
§&\|UI|3,0 +allul? 12 < Cullull? o + C1HQu, w)a,ol

for constants C7 and C}. The second term in the right hand side can controled as follows

l[2]]a,0
Q' u,u)a,0| < Cax (6 (lu(1,0)] + [lulla,0)llullZ 1 /2

for some Cy € RT and where x : RT™ — [0, 1] is a smooth function such that

1 ifr<i,

0 ifx>2.
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5.6 Analysis of the stability condition

For € small enough, this term can be absorbed by the left-hand side, and the following

inequality results

1d

§&IIUII§,0 < Cs]lull? o
for some C3 € Rt and then

d

3 (M Mlull? o) < (20" + Ca)e> ! Jul 7 o-

The Gronwall’s Lemma yields in turn

t
Atz < lulo e (20 + ) [ u)ods).
Using the bound (5.15), the desired exponential decay follows

sup eza,tHu(t)Ha,o < C4||Uin||i,0a
teERT

for the solution of equation (5.14). Finally, by choosing |[tin||a,0 small enough, this inequality
implies in particular that ||u(t)|/4,0 < € for all ¢ € RT and hence we have Q.u(t) = Qu(t) for
all £, i.e. t = u(t) is actually a solution of (5.12). O

5.6 Analysis of the stability condition

As discussed in Section 5.4.2, the stability criterion Definition 5.12 is equivalent to the linear
stability of the circle { Rg fst }oeT, more precisely that 0 is the only eigenvalue, which is simple,
in the half-plane R(X) > 0, and that the rest of the spectrum lies in #(\) < —e for some € > 0.
Of note, that 0 must always be an eigenvalue is a consequence of the rotation symmetry Reg.

However, this property can be obtained independently, as in [120], by using the equations
B%(z) + 2iz8(z) — 1 =0,

and the self-consistency condition
K/Rg(Krsw)ﬁ(w)dw =1

Indeed, one directly checks with the notation J; from Proposition 5.14 that

K
5 (JO()‘vnst) +

2X
——J1(A 7st) +J2(A,nst)) =1, YA : R(\) >0,
Knst

from where det(Id — 5 M (0,7)) = 0 immediately follows when taking the limit A — 0 in R.
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5 Stability of partially locked states in the Kuramoto model

5.6.1 Even frequency distributions

The stability of partially locked states depends on context and, as for existence, various

situations can occur depending on the bifurcation that generates these states. For instance,

when the velocity marginal g is an even function, we have Ji,(\,7) = Jx(\,7) for all A € C
and then

(1

g K
2
= (15 o) = B ) ) (1 5 (olh ) + JaA ) )

M)

Moreover, one can show (we skip the tedious computation for brevity) that
Jo(Asmst) — J2(As mst) = 2he(N)  and  Jo(A, nst) + J2 (A mste) = 2hs(A),

where the functions h. and hs are defined in [109] and can be identified as even and odd
perturbations. In this way, we can link our stability criterion to the results of [109]. In the
case of unimodal g, Proposition 4 in this paper implies that for K > K, ( ik the factor
1 — Kh, does not vanish over ®(\) > 0, while the only zero of 1 — Kh in §R( )>0is A=0.
It follows that

det (Id — [;M()\,nst)> >0, VA # 0 with R(A\) >0

for the unique PLS fs which exists for K > K.. To check the second point in the stability

condition, use the expression of hy given in [109], we find
d 1
jwl=Kna Vw2 = (Kne)2(Jw| + Vw? = (Kns)?)  (K7s6)? Jjwi<icn,
2 +oo g(Kngx)dx /1 >
= g(Kngx)de
K < 1 Va2 —1(z+ Va2 -1) 0 (Knse)

2 Feo dx !
> K —/ dm),
KTIstg( nt)( 1 Va2 =1z +Va2-1) Jo

where the last inequality coming from the fact that g is unimodal. A simple computation
shows that

h(0) =

oo dz

1 Va? —1(x + Va2 —1)

so that h%(0) # 0. Then Theorem 5.1 implies that, when it exists, this stationary solution is

=1

always asymptotically stable.

Finally, notice that uniqueness of a PLS circle does not necessarily imply its stability. By

considering a three modal distribution counterexamples can be constructed.
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5.6 Analysis of the stability condition

5.6.2 Relation to Ott—Antonsen ansatz
Mode reduction

Recall from Section 1.3.4, that the Kuramoto equation has the invariant manifold with

distributions f satisfying
filw) = d(w)g(w), VY(,w)eNxR

with amplitude function «, which evolves according to (1.12).

Within this manifold the existence of eigenmodes can be studies as before yielding exactly
the same linear stability condition. In particular, Omel’chenko and Wolfrum [120] studied
this approach in a strong topology and faced the same issue of a continuous spectrum on the

imaginary axis. They expressed the linear stability theory through the matrix B defined by

K 1 i
SM( ) = PBOP where p:<1 )

—i
and find modes with eigenvalue A if
det(Id — B(XA)) = 0.

Hence the stability condition on the restricted manifold agrees with the stability in the full
space. In other words, no loss of generality results in investigating the existence and stability

of fs in the OA manifold. The Ott-Antonsen ansatz is perfectly legitimate.

Pole reduction for rational functions

In case of a rational frequency marginal g, the system can be further simplified to an ODE
system for the amplitudes on the poles of g, cf. Section 1.3.4. A well-studied example is the
bi-Cauchy frequency distribution, which shows a rich behaviour and is well-studied by Martens
et al. [105]. In particular, using complex analysis the integrals of the stability condition can
be evaluated explicitly.

Surprisingly, this further reduction exactly catches the possible eigenmodes.

Recall from (1.13), that the amplitude a; on the pole w; evolves as
%ai = —iw;ou(t) — K (z(t) —%af(t)) =0, fori=1,...,M,

M 2
2(t) = =) wiay(t).
i=1

For a steady state, we assume without loss of generality that the order parameter 7y is real.

Then at the stationary state o; = 3; = 8 (ﬁ) and we consider a perturbation (v;)M,, i.e.
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5 Stability of partially locked states in the Kuramoto model

B; + 7v; is a solution. It then evolves as

d . K _
= T — 5 [2 - 287 — 28iman]

N
z=- E WiYi-
i=1

In order to perform a spectral analysis, we complexify again the system, i.e. we consider 7;

and Z as formal adjoint evolving independently. Thus we arrive at the system

d K

Fritih —lw;iyi — 5 [z — 287 — 2Binsyvi] »

d K

&% = lw;y; — > [z — 287 — 2Binsvi]
N

Here (v,%) is an eigenmode with eigenvalue A if

K K
(X +iw; — K1 Bi)vi = -5ty 2%,
K K—_»2

(A —iw; — Kns3;) ¥ = —55 + EE Zy

N
Z=— E Wi%is

=1

N
Z==) Wi

i=1

Knowing z and Z determines ,y. Hence we have an eigenvector if and only if

N

L
z = Wi — _Z ﬂzz 5
=2 M tiw — Kng i

. ifK 5 B2z
z = Wi — —.
£ N i — KB

This is equivalent to (z, %) € ker N with

(K/2) Zi\il wiBF(A +iw; — Knge 5;) 7"

(1 (&) N wilh +iw; — Kng )t
1— (K/2) N @i\ — iw; — KnwBr)

-\ &2) SN @B (A — i@ — KneBr)

i=1
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5.6 Analysis of the stability condition
On the other hand for A > 0, we find for Ji from Proposition 5.14

M )
T\ nst) = — > w; = )
( t) ; A +iw; + Kne B

Hence we find that K
N=1Id - §M

and the stability conditions on the finite-dimensional system agrees with the full linear
stability.
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6 Vlasov—Poisson equation in S°

The recent paper by Diacu, Ibrahim, Lind and Shen [43] studied the Vlasov—Poisson equation
in spaces of constant Gaussian curvature x in order to model stellar dynamics, e.g. the density
of galaxies in galaxy clusters or the density of stars in galaxies. The motivation is, on the
one hand, the understanding of possible universe models and, on the other hand, a deeper
understanding of the flat case as the limit of the dynamics on the sphere.

This physical motivation comes from the observation of the cosmic microwave background
(CMB) created by the plasma of the early universe, see the nice review by Weeks [163] for
an introduction to the model and [131] for a discussion with recent observation data. Here
the decay of the physical system can be linked formally to the observed fluctuations by the
fluctuation-dissipation theorem.

On the mathematical side, another motivation is the understanding of Landau damping
and its spectral decay in more general geometries, where this study provides a first step. A
notable difference to the configuration on the torus with periodic boundary condition, used
by Mouhot and Villani [114], is that all geodesics are closed, whereas on the torus every
trajectory with irrational angle will come arbitrarily close to any point.

The work [43] considered positive and negative constant curvature with two space dimensions.
For the derivation of the Vlasov—Poisson equation, classical mechanics is used and relativistic
effects are neglected. Under these premises, they derived the resulting equation using an
extrinsic parametrisation of the space, which works in general dimensions. For their study of
Landau damping, they assume that all mass is along a great circle and study the stability of
this reduced system.

In this chapter, I will consider the case of positive curvature in three dimensions. In this
case, we can scale the space to the unit sphere S3, which we embed into R*. This choice
allows us to find global nonvanishing vector fields acting as basis for the velocities, which is
impossible in S2? due to the hairy ball theorem. Furthermore, on S we can use spherical
harmonics as spatial basis. Combining these ingredients allows a convenient description of

the dynamics, in which we perform a global linear stability analysis.

6.1 Description of phase space

This section introduces the curved space and the resulting phase space. For further discussions

and other descriptions of the setup, we refer to [43] and the references given within.
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6 Vlasov—Poisson equation in S3
We parametrise the spatial variable on the manifold
S3 = {(z,y,2z,w) €R*: 2?2 + 2 + 22 +w? =1}

embedded in R* and endowed with the induced metric, which is denoted by ggs.

The velocity of a particle at position ¢ is in the tangent space TqSS, which is, in the extrinsic

coordinates, given by
T,5° ={peR":q-p=0}.

We introduce the basis vector fields vy, v and wvs by

Yy z w

—x —w z
U1 = ) V2 = ) U3 =

w —X ]

—Zz Yy —T

at ¢ = (z,y,z,w) € S%. From the definition, we can immediately see that at every point
q € S3, the vector fields create an orthonormal basis of 7,5 under ggs. This means that a

velocity p € TqS3 can be expressed by the coefficients (a',a?, a®) such that
p= a1v1 + a2v2 + a3v3.

In differential geometry the tangent vector is associated with the corresponding partial

derivative operator. Acting on a function f:S®+ R, this is, at a point ¢ = (z,y, z,w) € S?,

given by
Y On
—x Oy
ui(f) = 0u f = : = [y0z — 20y + w0 — 20, ] f
w 0,
—2z Ow

and accordingly for vo and vs. Looking at the commutator, we immediately find
[v1, V2] = 203, [v2,v3] = 21, [v3, v1] = 202,

where we see the curvature of the space. In the extrinsic representation the inherited Levi—

Civita connection is
3
Viv; = E €ijkVk;
k=1

where € is the standard alternating tensor.

In order to describe the trajectory of a particle starting from a position ¢ € S with velocity
pE Tng, we need to prescribe what the velocity is at the new position ¢’ € 53, because a

priori the tangent spaces 7,5 and T,,S® are not related.
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6.1 Description of phase space

The induced metric gives a canonical prescription for the new velocity at the new position.
Around any point ¢ € S, we can introduce so-called normal coordinates, which are as flat as
possible at g, i.e. as similar as possible to R? around g. In the flat case, the velocity vector is
constant under the free transport, so we impose the same at ¢ in the normal coordinates. This
procedure defines a well-defined prescription for the trajectory of a particle. It is therefore
the natural extension to manifolds and is used as equivalence principle in general relativity to
define the laws of physics in curved space-time. In [43] this prescription is obtained following

restricted Lagrangian mechanics.

On the manifold S2, this means that the velocity is parallelly transported and that the
trajectory is a geodesic. Using extrinsic coordinates, it means that p is normal to the manifold
S3. Intrinsically, an equivalent condition is that along the curve V,p = 0 holds with the

Levi—Civita connection V.

The particular choice of the basis vy, vq,vs for the velocity means that the coefficients

1 .2 .3

a’,a”,a” remain constant, i.e. a free moving particle follows

_ .1 2 3
Oq(t) = p(t) = [a v1 +a‘ve +a Ug]q(t) .
As the extrinsic coordinates of v1, vo, v3 change according to the position, we find by the chain
rule that

3
o= _a'0i(vilgw) = —((a)* + (a*)* + (a°)?) = —lplPe.

i=1

[SEERS TN

Hence the change of velocity is indeed normal to the manifold with the explicit correction

in extrinsic coordinates due to curvature as in [43, Proposition 3.1].
Using the induced Levi-Civita connection V gives as expected
3 3
Vpp = E a'Vy, E avj | = E a'a’ € v =0,
i=1 j=1 ivjk
which gives an intrinsic proof.

Given a potential ¢ : 52 — R on S3, it naturally defines a cotangent field d¢, which can be
identified with a vector field V¢ through the metric. With the canonical symplectic form, its

effect on the equation of motion is given by

atp = _V(ba
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6 Vlasov—Poisson equation in S3

which in the coefficients (a',a?, a?) reads

al Oy, &
at CL2 = — 81)2(;5
a® Oy @

Thus in these coordinates, the equation of motion of a particle can be described by the
following proposition, which matches [43, Proposition 3.1].

Proposition 6.1. Consider a potential ¢ : R x S3 — R. Then the phase space position of a
particle at (q,p) € T'S? evolves according to

8tq ZG, vz‘q (t)s
Ora’(t) = =0y, b(t) fori=1,23.

In the case of a vanishing potential, the coefficients a', a?, a>® are constant and the equation
of motions reduce to

q(t) = T{q(0),

which, in extrinsic coordinates, is given by the matrix

cos(tllal)  Ersin(tlal) - sin(tlal) £ sin(t]al)
(l3 M a2
po_ |~ sntlal) cos(tnau) o sin(tlal) - sin(t]al)
t ll (ll
~fay ® sin(t[|al[) r sin(t|al|) cos(tllal]) &y sin(t[lal])
—tersintlal) iy sintlal) sy sin(tal) cos(t|al|)
with [lal| = \/(a1)? + (a?)2 + (a®)2 = [|p].
Using this parametrisation, the resulting Vlasov equation is
3 3
atf(t7q7a/17a/27a/3) + Zal(t)avif(t7Qaalaa2 Cl Z t q 8a’f(t qaa a a3) 0
i=1 i=1

(6.1)
where f(t,-,-) is a distribution with spatial position ¢ and velocity coefficients a',a?, a®

supported on g € S3. In order to close the evolution, we then need to prescribe the potential.

6.2 The Laplace—Beltrami operator on S?
In flat space the potential ¢ is given by the Poisson equation

Ad=cp
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6.2 The Laplace—Beltrami operator on S*

with the density p and a physical constant ¢. The natural generalisation for Riemannian
manifolds is the Laplace—Beltrami operator, in the studied case Ags. Generally, with the

Levi—Civita connection V it takes the form

3
Agaf = > ghViV;f,

4,j=1

where g;?s are the components of the inverse of the metric ggs.
As the vector fields vy, v2, v3 create normal coordinates at every point through the expo-

nential map, this simplifies to

2 2 2
3
T 0, —w 0, z 0,
Agsf = 5@»5@ = Y + Y 4 Y 7
sof ; O, f ol o I R Slle f
—Zz 6w Yy 611) —Z aw

which emphasises that this is indeed the natural extension. Moreover, this choice ensures that

the Gauss law still holds for the resulting field as expected from flat electrostatic theory.
For a general sphere S% in R%*1 we can relate the Laplacian by introducing polar coordinates

(r,p) for r € R* and p € S%. Then the standard Laplace operator on R%*! and the Laplace-

Beltrami operator on S? are related by
1 d 1

On the sphere S¢ the eigenfunctions of the Laplace-Beltrami operator are given by the

oo

spherical harmonics (H,,(5%))%_,, which we briefly review following the book by Axler,
Bourdon and Ramey [6].
Let P,,(R%*!) be the homogeneous polynomials of degree m on R4+t so that

p(ra) = r"p(x) for p € P, (R and 2 € R+,
Then define the harmonic polynomials H,,(R*1) of degree m by
Hp (R = {p € P, (RUTY) : Vp = 0}.

A main result in the development of harmonic polynomials is that the restriction Hs(S?) of
Har (R4 to S? forms a decomposition of L?(S?).

Proposition 6.2. The spherical harmonic polynomials H,,(S?) are an orthogonal decompos-
ition of L?(S?), i.e.
L*(8%) = @p_oHm(59)

and H,,(S?) is the eigenspace of the Laplace—Beltrami operator with eigenvalue m(m +d —1).
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6 Vlasov—Poisson equation in S3

Proof. The decomposition follows from the decomposition of an arbitrary polynomial into
spherical harmonic polynomials on S¢ and the density of polynomials, see [6, Theorem 5.12].

The second part is also well known and follows for example from Ap = 0 for p € H,, (R4*1)
and Equation (6.2). O

Moreover, the spherical harmonic polynomials can be explicitly computed, see e.g. [6,

Theorem 5.25], and their dimension is

. o (mt+d—1 m-+d—2
dlmHm(S)—( d_1 + i1 )
They are a natural extension of the Fourier series used on the torus and for d = 1, we exactly

recover the Fourier basis of the circle.

When solving the Poisson equation Aga¢p = ¢p (with ¢ < 0 meaning repulsion and ¢ > 0

meaning attraction), we need to impose

/S , p(g)dssa(q) =0 (6.3)

with the induced surface measure dsga on S¢, since the space is compact. With this condition,

the solution is given by

> c
¢ Z: m(m—i—d—l)pm’

m=1
where (p,,)3_, is the decomposition of p into (H,,)3_,, i-e. pm € Hon(S9) and

oo

P:Zprm

m=0

where pg = 0 by (6.2).

Following the setup in Section 1.2, we can consider more general mean-field models described

by the coefficients (W,,)men and imposing

o= Z memv

m=1

i.e. the decomposition of ¢ is given by ¢,, = ! mPm-

Such a prescription completes the Vlasov equation (6.1) with the density

p(t7q) = / f(t,q,al,GQ,ag)dalda2da3.
R3

The resulting potential ¢ can also be expressed through the fundamental solution, which has

been explicitly computed in [35].
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6.3 Linearised dynamics and mode reduction

6.3 Linearised dynamics and mode reduction

We now look at the linearised dynamics around a spatially homogeneous state fi(al,a?, a?),
whose density is cancelled by a background charge density and which is a stationary state.
For a perturbed state the previous prescription then defines a dynamic through the Vlasov

equation. For a perturbation f the linearised dynamic is given by

3 3
atf(t7Q7a17a27a3) +Zal( )81)@f(t Q7a a a’ Z 7)1 t q a fgt(a (12 a’d) 07
i=1 i=1
o0 . o0
o= Z WP with p = Z pm and pp, € Hpn(S?),
m=1 m=1
plt0) = [ fltg.a", a2 a%)da'dada’.
]RB

As the overall mass is conserved, we can assume that for the perturbation holds [ g3 P(t,q)dsgs(q) =
0, so that pg = 0.

We decompose f spatially into spherical harmonics. The choice of the velocity basis implies
for p € Hm(S?) that 9,,p € H,,(S3). This shows that the different degrees H,,,(S?) decouple
in the linearised evolution.

Let Y 1,---,Ym N, be an orthonormal basis of H,,(S%). Then we expand f as

oo Np
f(t, q,a a’ a ZZfm,l(t7a17a27a3)Ym,l(Q)'
n=0 =1

Corresponding to 0,,, introduce the matrices M,, ; acting on the coefficients in the basis
Yiuis---s Ym,n,,, 1. for all coefficients (hl){\;”{ holds

N,
avlzhlyml Z Mm zh lle( )
=1

The linearised dynamic within H,,(S%) is given by

3
a~mt 1 2 3 it MmZNmt 1 2 3
tf (7a7a7a)+2a()|: ,f (aaaava)l

i=1

—Z[ mz(j)m }8 ifse(at,a?,a®) =0,

b (t) = Wm/ fm(t,al,az,ag)daldanag,
R3
where fm(t, a',a?,a®) denotes the vector in R™Vm according to the basis (mel)f\; ™ and likewise

b (t).

For every degree m € N, we have finitely many components ¢, 1, ..., $m,n,, of the potential,
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6 Vlasov—Poisson equation in S3

which satisfies, as discussed in Section 3.1, a vector-valued Volterra equation

bm(t) + / Fn(t — $)bm(s)ds = Fon()

with the convolution kernel defined by

3
km(t)u = Wm et(al o ) < M’m,iu aa’i fst (a)> do’darde’
R3 i=1

for u € CN» and the forcing

Fo(t) = Wy, [ @ Mmata® Muota®Mins) (£ (4 g1 62 a%)da'da?da®  (6.4)
R3
with the initial data fiy.
For the asymptotic behaviour we can apply the theory of finite-dimensional Volterra equation
reviewed in Section 3.2.

For the understanding of Landau damping, we need to understand how the spatial density
decays through phase mixing. For a velocity profile g : R? — R and t € R, we introduce the

operator
Suf(a) = [ | 000 g (a)da
R3

for f: 9%+ Rand g € S3. If f € H,,(S9), then S;f € H,,(S%) and in terms of a vector
u € RVm expanded in the basis of H,,(S?) it becomes

SZTLU — (/ et(alMm11+a2Mm,,2+a3Mm13)g(a) da> U
R3

for a matrix S € RVNm*Nm  The next lemma establishes the decay and recovers faster decay

for higher degrees like in the flat case, despite the fact that geodesics are always closed.

Lemma 6.3. Let g : R? — R be a smooth function such that there exist constants r and Cy
with
A" gl 11 Rs) < Cyr®™(2n)! forn € N.

Then for p € [1,00] and f € Hu(S3) holds

tv/m(m + 2 t/m(m + 2
180 o) < exp (1 - 2{(Q)J> 2{(2)J Co I lasey

r

In particular, for every 7 > r there exists a constant Crz, independent of m, such that

1SNl Lo sy < Cre™™ 7| 1 Lo(so)-
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6.3 Linearised dynamics and mode reduction

1

Proof. For f € H,,(S?), applying the Laplacian in a = (a', a?,a®) gives

1 2 3. 1 2. 3
Aaet(a Oy +a~ 0y, +a d’“3)f _ et(a Ouy +a"0yy+a 8“3)t2[312)1 + (912}2 + 833]f

= 2m(m + 2)e!(@ Do 1% 0, +0%005) ¢

where we noted that 97, + 02, + 97, = Ags and f is an eigenvector. Therefore, for n € N we

find by partial integration

1 Al g(a)
S, f = t(a'dy, +a20y, +a3d,,) a A
I e T T  Emm e 2

1 2 3 . . .
As et(a vy +a%0u,+a%0u3) ig just rotating f, we have

t(alc'?vl +a28y2 +a3d

e »3) fll Logssy = | fllLo(ss)-

Hence we find

727 (2n)!
—[|fll Lo (s2)-

¥ 3 < —_—
||Stf||L (S3) > Cg (tQm(erQ))

By Stirling’s formula, we can bound the factor as

27 (2n)! < ovan <2nr)> '

(t?m(m +2))" et\/m(m + 2
We choose optimally

2r

. \‘t m(m+2)J

with |2| being the floor of z, i.e. the largest integer not greater than . Then we find as

claimed

72" (2n)! ty/m(m +2) ty/m(m + 2)
@+ 27 2{ 2 Jexp<1_2{ o D

Hence for every 7 > r, there exists a constant Cr such that for every m € N and f € H,,(S?)
it holds that

[1Se fll Lo s3y < Cre™™ 7| fll 1o (s3)- O

This shows that the forcing term in (6.4) for such regular initial data is exponentially

decaying. Moreover, it allows us to study the decay of the convolution kernel.

Proposition 6.4. Let s > 0 and fy : R? — R be a smooth function such that there exists a
constant Cy with

|A™ 0y, fstll1rs)y < Cyr*™(2n)! forneNandi=1,2,3.
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6 Vlasov—Poisson equation in S3

Then for A\ < r~* there erists a constant C' such that the convolution kernel is controlled as
o A
ol = [ Vin (@€ dt < O
0

Proof. Choose r—! > #—! > X and apply the previous lemma to the convolution kernel, where

we note that ||M,, ;|| < m as My, ; is skew-symmetric with largest eigenvalue m. This shows

Wi O

| Mm@l dt < ot [~ merorntay =
0 0 T — )\

Assuming the mild condition W, — 0 as m — oo, which is satisfied for the Poisson

equation, we observe a quantitative Landau damping apart from possible discrete modes.

Proposition 6.5. Let s > 0 and fy : R® — R be a smooth function such that there exist a
constant C'y with

A"y, fstllpr(msy < Cyr®™(2n)! formeNandi=1,2,3

and assume W,, — 0 as m — oo.

For A < r=!, there exist at most finitely many roots of

det(Id — Lk, (mz)) =0

in Nz > X and m € N. In particular, if sup,, Wy, is small enough, no such root exists.
If no such root exists, then there exists a global constant C' such that for m € N the resolvent

m of the Volterra equation is controlled as

t
/ ron ()|l dt < C.
0

As in Section 3.3, this shows a quantitative version of Landau damping. As in the torus, we
have a minimal nonzero degree by compactness, which shows that a small enough interaction

strength implies stability.

Proof. By Proposition 6.4, we have

”kaLl(R‘*',expmA) < CWm

If [kl ®+ exp,,,) < 1, then no root can exist and the resolvent is bounded by (1 —
el Ll(thxp?M))_l. As W,, — oo, this proves the statements of the theorem apart from
possible finitely many m.

For a fixed m, Proposition 6.4 shows that

det(Id — Lk, (m2))
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6.3 Linearised dynamics and mode reduction

is analytic for 8z > r. Hence only finitely many eigenmodes can exist. If the stability
condition holds, the Paley-Wiener theorem 3.5 shows that |7, || L1 &+ exp, ) < 00. Taking

the supremum over the finitely many modes shows the result. O

The proof shows that only finitely many eigenmodes can exist and that otherwise the linear
evolution is damped. For the verification of the stability of a specific stationary state, the
proof also shows that only finitely many degrees m need to be verified. For each m, the basis
and the related matrices are easily computable by software packages (e.g. Appendix B of
the book by Axler, Bourdon and Ramey [6]) so that the condition can be easily decided by
numerically computing the curve  — det(Id — Lk, (iz)) for the finitely many m € N.
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7 Hypocoercivity

In this chapter, I study how a kinetic equation can reach a smooth equilibrium state through a
collision operator and a transport operator. Typically, the collision operator only acts on the
velocity variable and thus does not produce any spatial averaging. However, in combination
with the transport operator, the kinetic equation can have exponential relaxation towards

equilibrium. For this interaction, Villani coined the term hypocoercivity [156].

7.1 Structure of hypocoercivity

In a typical kinetic equation with relaxation towards equilibrium, the evolution operator G

consists of a transport term 7" and a relaxation term M, ie. G=T + M.

As an example consider a particle distribution on the d-dimensional torus T¢ and velocities

v € R, Under the free transport, the density evolves as
Of=Tf=-v-V.f.

As relaxation mechanism, we add an operator M, which acts on every spatial point separately
and models collision. We focus on the linear setting, where M models the effect of random

collisions with the background. An example is the Fokker-Planck operator defined by
Mf=V, - (Vof +2v0f).

On its own, the generated semigroup e converges at every spatial point to an element of the

v?, However, the distribution

local null space, which is the span of the unique equilibrium e~
at different spatial points is disconnected, so that for any g € M(T9), the function g(:r)e*”2
is an equilibrium for M, i.e. it is in the nullspace of M. Nevertheless, we expect that e*¢ f
converges to the unique equilibrium ce” for a constant ¢ as t — oo.

Considering f in L?(T? x R%, F!) with the equilibrium Fu(z,v) = W*I/Qefvz, we indeed
find by Poincaré’s inequality that

_<Mf7 f>L2(]~‘;o1) > ;\”f - Hlf”[ﬁ(}';j)
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7 Hypocoercivity

for a constant A > 0, where II; is the projection to the local equilibrium, i.e.

2

(IL f)(z,v) :7r_d/2< f(z, ) dv) eV,

R4

However, there exists no constant A > 0 such that

_<Gfa f>L2(_7:gO1) > )‘”f - Hgf”m(]-';})

holds with the global projection 11, onto F., conserving the mass, i.e.

(IL, f) (2, 0) = 7~/ (27) ¢ ( /T (@) dxdv) o,

d wRd

This holds because for every element f in the nullspace we have

G D ey = —TF 2oy =0,

as T is anti-selfadjoint.

This implies that the semigroup is not contracting, i.e. there exists no A > 0 such that

e (f — Hgf)”L?(]:gol) <eM|(f - Hgf)”L?(]:;ol)a

which can be shown by differentiating the contraction inequality of the semigroup with respect

to time [156, Proposition 9].

In contrast, there exist constants C' and A > 0 such that

e (f - Hgf)”m(}';cl) < Ce™M|(f - Hgf)”m(]:;l)a

which by itself a non-trivial result and is a key problem in the development of the theory of
hypocoercivity [42, 49, 113, 156]. This behaviour is called hypocoercivity [156, Definition 12]
and as pointed out by Serre in [156, Remark 13] it is equivalent to coercivity in an equivalent

norm
N(h) := sup (e |[e'“n]|) .
>0

The transport operator 7' does not create any relaxation by itself in L?(F '), but in combin-
ation with the localised relaxation M it forces global decay. Villani’s theory of hypocoercivity
[156] is about the construction of suitable equivalent spaces based on commutators of the

transport operator and the square root of the relaxation operator M.

On a probabilistic level, we can understand the relaxation in L*(T") or M(T') with the total

variation norm in a similar way to the relaxation of Markov chains. For this let K; be the
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7.1 Structure of hypocoercivity

fundamental solution of €' i.e.
(eth)(l’, U) = / Kt(x/7 UI; Z, v)f(x', vl) dI/dUI,
r

and assume for notational simplicity that f = 1 is the stationary state. Moreover, the

semigroup preserves mass and is non-negative.

Lemma 7.1. Let !¢ be a mass-conserving semigroup on the distributions over I' with non-
negative fundamental solution K; and with stationary state 1. If there exists T > 0 and o > 0
such that

Kr(z,v;2',v") > «a, Y(z,v) €T, (z',v") €T,

then there exist constants C' and A > 0 such that for non-negative f holds

17 f — g fllrv < Ce™ | fllrv,

where 11, is the mass-preserving projection to the stationary state 1.

Proof. After time T, split e!“ f as
“f =al+ (1—alllrv)fi,

where f; is a measure with the same mass as f. As f is non-negative and by the bound on

the kernel K, we have that f; is indeed non-negative. Iterating, we find for n € N
Ef = (1= (1 =alllrv)")zy 1+ (1 = alltlzv)" fn
for a non-negative measure f, with the same mass. Now
[e"TCf =T fllrv < (1= alltrv)*[e""Cf = fallrv < 2(1 = all]lzv)™ (| fll7v,

which shows the claimed decay. O

In comparison with Markov chains, we can understand the condition as saying that every

state can be reached from any other state (irreducibility) at a uniform time T (aperiodicity).

A possible simple application is a kinetic equation for particles moving freely in a bounded
domain, where the particles are either reflected or thermalised at the boundary. For the given
configuration, we then only need to check that we can connect any two phase space positions.
Another simple application is the degenerated linear Boltzmann equation, where we again

just need to find a connecting trajectory.
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7 Hypocoercivity

7.2 Wasserstein contraction for the Fokker-Planck equation

on the torus

The work in this section has been done in collaboration with Josephine Evans and Thomas

Holding and follows the preprint [44].

7.2.1 Introduction

In this section, we prove contraction properties of the spatially periodic kinetic Fokker-Planck
equation in the Wasserstein metric, and show to what extent the probabilistic technique of
coupling can be used in such situations. This is of interest, both intrinsically, and in the
broader context of analytic and probabilistic methods of proving convergence to equilibrium
and contraction properties of Fokker-Planck equations. Recall the Wasserstein distance from

optimal transport, which is defined as

1/2
= inf —y|?
Walpv) = inf (/ |z —y] dﬂ(x,y)> :
where II,, , is the set of all couplings between 1 and v.

With the contraction property we mean that for two solutions p¢, v, we always have
W2 (/u’ta Vt) < CeiutWQ(,uO? VO)

for suitable constants C' and p > 0. By taking 14 to be the equilibrium state, this immediately
shows exponential relaxation.

As mentioned in the introduction, the Fokker-Planck equation has received much attention
in the development of hypocoercivity. These works [42, 49, 113, 156], however, do not address
the question of convergence or contraction in the Wasserstein metric Ws, as this distance
seems inaccessible from these analytic tools; the closest result is by Mischler and Mouhot
[110], where W results are obtained by duality and space enlargement methods.

A second analytic approach to the study of the Fokker-Planck equation is the theory of
gradient flows [79], in which the Fokker-Planck equation is identified with the steepest descent
flow of an entropy functional in the Wasserstein space W,. The degeneracy in the diffusion
of the space variable causes this theory to fail for the kinetic Fokker-Plank equation. For
the normal Fokker-Planck equation, Bolley, Gentil and Guillin [18] also developed analytic
methods to show dissipation in the Wasserstein distance for non-gradient drifts.

A common probabilistic technique to show contraction or convergence is the construction
of a coupling between two copies of the stochastic process that realises the desired bound
on the metric between the laws. In the spatially homogeneous Fokker-Planck equation, the
synchronisation coupling, where the infinitesimal motions of the noise are coupled together,

gives contraction in Wasserstein metrics when the velocity potential is strongly convex. In the

144



7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

spatially inhomogeneous case with a confining potential, such a straightforward coupling so
far has only been used to establish a contraction if the confining potential is quadratic, or a
small perturbation thereof, see for example [19]. Establishing contraction in the Wasserstein
metric for more general confining potentials is an open problem. In the spatially periodic
case, results are even more limited. In this case, the synchronisation coupling does not cause
the spatial distance on the torus to decay. In contrast to the analytic setting, where having
the spatial variable on the torus makes computations simpler, the spatially periodic case is
more difficult in the probabilistic case.

In this section, we study the contraction properties in the Wasserstein metric of the kinetic
Fokker-Planck equation with spatial variables on the torus. Despite the simplicity of this
equation, this question has not been answered in the literature, to my knowledge. A second
goal is to understand what difficulties might explain the lack of previous results. In higher
dimensions the different spatial directions decouple so that we can reduce the problem to the
one-dimensional case.

The kinetic Fokker-Planck equation describes the law of a particle moving in the phase space
T x R whose location in the phase space is (X¢, V;) and evolves by the stochastic differential
equation (SDE)

{ dX, = V,dt,
(7.1)
dVy = = AV, dt 4+ dW4,

where A > 0 is the relaxation rate in the velocity variable, dW; is standard white noise and
the spatial variable is in the torus T = R/(2xLZ) of length 27 L for L > 0.

The corresponding measure p; on I' =T x R evolves as

1
8t/1/t + anut = av |:)\’U,LLt + 2(91,/%} 5 (72)

where this equation is considered in the weak sense.

We show exponential decay of the distance between two solutions (7.2).

Theorem 7.2. If (ti1)¢>0 and (v¢)i>0 are two solutions in M(T') to the kinetic Fokker-Planck

equation (7.2), then we have
Wa (e, 1) < (ef’\t + Ceft/4’\2L2) Wa (o, vo)

for a constant ¢ only depending on L.

The key idea is to study the stochastic trajectory leading to a later time ¢. After fixing the
velocity variable at time ¢, the spatial variable has enough randomness left to allow such a
coupling. This approach is not based on a functional inequality that is integrated over time
and in fact the evolution is not a contraction semigroup. We can show the lack of coercivity

directly using the explicit solution to the SDE.

145



7 Hypocoercivity

Proposition 7.3. The semigroup of the kinetic Fokker-Planck operator is not a contraction

in the Wasserstein distance, i.e. there is no A > 0 such that
Wa (e, ve) < e MWa (o, o).

In order to construct a coupling showing convergence in the Wasserstein distance, random
variables (X}, V)') are constructed for t € RT and i = 1,2 such that (X}, V;!) has law
and (X7, V;?) has law v;. Then, for t € R*, the coupling (X}, V;!), (X?,V;?)) gives an upper
bound of the Wasserstein distance Wa (1, vt).

The stochastic differential equation (7.1) motivates us to look at couplings where (X}, V}})
are continuous Markov processes with initial distribution ug and v, respectively, and whose
transition semigroup is determined by (7.1). For such couplings, we can consider a more

restrictive class of couplings.

Definition 7.4 (co-adapted coupling). The coupling (X}, V;t), (X2, V;?)) is co-adapted if,
for i = 1,2, under the filtration F generated by the coupling (X}, V,}), (X2, V%)), the process

(X}, V) is a continuous Markov process whose transition semigroup is determined by (7.1).

This is an important subclass of couplings, which contains many natural couplings. An even
more restrictive subclass is the class of Markovian couplings, where additionally the coupling
itself is imposed to be Markovian. The existence and obtainable convergence behaviour of
co-adapted couplings has already been studied in different cases, e.g. [25, 30, 85]. Note that
the co-adapted coupling is equivalent to the condition that the filtration generated by (X}, V}')
is immersed in the filtration generated by the coupling, which motivates Kendall [81] to call
such couplings immersed couplings.

By adapting the reflection/synchronisation coupling, we can still obtain exponential conver-

gence but with a loss in the dependence on the initial data.

Theorem 7.5. Given initial distributions pg and vo, there exists a co-adapted coupling
(X}, VY, (X2, V2)) such that

1/2
Walpu, ) < (B[|X} = X23+ (V2 - VvA)?))
< C¢(t)(VWa(po, v0) +Wa(po, o)),
where
e—min(Z)\,l/(2)\2L2))t if 412)\3 #1
)=

e M (1 +t) if 412X\ =1
and C is a constant that depends only on A and L.

Here, we used the notation | X} — X?|r to emphasise that this is the distance on the torus
T. In fact, the filtrations generated by (X!, V1) and (X?2,V?2) agree. Such a coupling is called
an equi-filtration by Kendall [81].
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7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

Remark 7.6. This achieves the same exponential decay rate as the non-Markovian argument,
except for the case 4L2)\3 = 1, when the spatial and velocity decay rates coincide and we have

an additional polynomial factor.

In general, the loss in the dependence is necessary.

Theorem 7.7. Suppose there exists a function o : RT + RY and a constant v > 0 such that
for all initial distributions uo and vg there exists a co-adapted coupling (X}, Vi), (X2, V;2))
such that

(E[1x) = X7R+ (V! = V22" < aWaluo, v))e "

Then, there exists a constant C' such that for z € (0,mL] we have the following lower bound

on the dependence on the initial distance
a(z) > Cy/z.

The idea is to focus on a drift-corrected position on the torus, which evolves as a Brownian
motion. By stopping the Brownian motion at a large distance we can then prove the claimed

lower bound.

This shows that a simple hypocoercivity argument on a Markovian coupling cannot work
in Ws. More precisely, there cannot exist a semigroup P on the probability measures over
(T x R)*2, whose marginals behave like the solution of (7.1) and which satisfies H(P;(7)) <
cH(m)e " for H*(m) = [[(X!' = X?)2 + (V! = V?)?]dn (X', V!, X2 V?). Otherwise, the

Markov process associated to P would be a coupling contradicting Theorem 7.7.

7.2.2 Setup

The stochastic differential equation (7.1) has an explicit solution when posed in R?. For

clarity, we will use X if we consider X on R rather than the torus. The explicit solution is

R | b1

Xy =Xo+ (1= e MV +/ T e M=y A,

. 0 (7.3)

V, = e MV, +/ e A9 Qg
0

where W; is the common Brownian motion. In this, we separate the stochastic driving as

(A¢, By) given by the stochastic integrals
"1
Ay :/ —(1 —e M= aw,
0 A

t
Bt:/ ef)‘(tfs)dWs,
0
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7 Hypocoercivity

which evolve as a vector in R? with the common Brownian motion W;. By Ito’s isometry,

(A4, By) is a Gaussian random variable with covariance matrix X(¢) given by

EAMﬂ:a;{t—i@—wf“)+2iu—e_”ﬂ], (7.4)
Ban(t) = 5z (1 -0 = 31— ) (75)
Sp(t) = 5 (1), (7.6)

From this we calculate that the conditional distribution of A; given B; is a Gaussian with
variance Y 44(t) — X4 5(¢)S55(t) and mean p14p(t,b) = Sap(t)X55(t)b. We write g4 5 for
the conditional density of A given B and gp for the marginal density of B. Hence,

g(t’avb) = gA\B(tva’b)gB(tab) (77)

is the joint density of A and B.

The last part of the setup is the change of variables, which we will need for the Markovian

coupling in Section 7.2.4. We define new coordinates (Y, V) by taking the drift away

Y:X+1M
A (7.8)
V=V

This change is motivated by the explicit formulas (7.3) from which we see that Y is the limit

of X; as t — oo without additional noise. In the new variables, (7.1) becomes

1
di/;f = Xde

dV; = = A\Vidt + dW4,

for the common Brownian motion W;. Note that the motion of Y; does not explicitly depend

upon V; and that Y; is a Brownian motion on the torus.

It remains to show that these new coordinates define an equivalent norm on T x R. This
follows from the triangle inequality as

1
|X1—XHT+W1—Vﬂ<Dﬂ—yﬂT+<1+A>wﬂ—vﬂ

and the other direction is similar. Thus, the two norms are equivalent up to a constant factor

that only depends on .
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7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

7.2.3 Non-Markovian Coupling

We wish to estimate how much the spatial variable will spread out over time. We will then
use this to construct a coupling at a fixed time ¢ which exploits the fact that a proportion
of the spatial density is distributed uniformly. In order to do this, we give a lemma on the

spreading of a Gaussian density wrapped on the torus.
Lemma 7.8. For 0 > 2L%log(3) consider the Gaussian density h on R given by

]. 2 2
h(z) = e /%0
(=) V2mo?

and wrap it onto the torus T, i.e. define the density Qh on T by

(Qh)(z) = Z h(x 4+ 2w Ln). (7.9)

nez

We have the following estimate on the spatial spreading

B
>
@hlz) 2 onL’
where
26702/2L2

Proof. We define the Fourier transform of a function on T to be

(Fa)(k) = / e *e/Lg(a) da,

/Tg(x) dz = /OQWL g(x) da.

By the definition of @, the Fourier transform of Qh is given by

where

(FQh)(k) = / Z h(x 4 2rLn)e /L dg
T

neE”Z

:/h(a:)e_“”/L dz
R

]C20'2
~exp (_w ) |

where we have used the standard Fourier transformation of a Gaussian.

We deduce from the Fourier series representation that

g _ 1 —k?0? /2L +ika /L 1-p
@h(x) oL 27l lc|2>16 + orL
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7 Hypocoercivity

The lemma claims that this is positive. For this it is sufficient to show that

Z e—k202/2L2+ikw/L <1-4.
|k|>1

We estimate the left hand side by

Z efk2c72/2L2+ika:/L < 22671@52/%2 —1-8
— - )
[k|>1 E>1

where the final equality follows from summing the geometric series. O

We can now construct a coupling at time ¢, allowing to prove exponential decay in the

Wasserstein distance.

Lemma 7.9. Lett > 0 be large enough so that the variance of ga|p is greater than 2L1og(3),
and B be such that

(Quaip)(ta.b) > 2%

where g4\ p is defined by (7.7) above. Let p; and vy be the distribution of the solution to the
kinetic Fokker-Planck equation (7.2) with deterministic initial data po = Oz 01 and Vg = 0,2 42
at time t, respectively. Then there exists a coupling (X}, V,}), (X2, V;?)) between iy and vy
satisfying

B (07— V2] = [~ o))

and
1
B [|X} - XPR) < 20— B) |Iob — 2 + 15 (e} — oB)?

Proof. Let us construct such a coupling. Since we have seen that g, p is a Gaussian density
with variance 02 = X 4(t) — %4 5 ()X 55(t), we can use Lemma 7.8 to split the distribution

Qgaip as
Qoap(ta,b) = 50 + (1= B)s(t,a.b).

Then, by assumption, s is again a probability density for the variable a on the torus T. We
now consider the torus as a subset of R and then Qg4 and s are probability density functions
supported on [0,27L]. Let B be an independent random variable with density gp(t,b), let Z
be an independent uniform random variable over [0, 1] and let U be an independent uniform
random variable over the torus. Finally, let S be a random variable on R with density s(¢, -, B),

viewed as a density function on R, only depending on B.
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7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

With this, define the random parts A, A% of X}, X? as

1
Al :1ZSﬁ |:U — .’ﬂé — X(]. — e)‘t)vé] + 1[5>ZS,

1
A% =175 {U —z2 - 1= c“)vg] +1p528.

We then construct (X}, V;') defined by
o1 1, 1 Aty 1 1
X; :x0+X(17e Jug + A,
V! =eMug + B,
and (X2, V) defined by

. 1
X7 =af+ (1 —e M)of + 4%,

V2 =e M2 + B.

We then construct X} by wrapping Xt’ onto the torus, i.e. X; € [0,27L) and X} = X; mod
27 L. By construction, the pairs (X*, V?) have the right laws so they form a valid coupling.
We find
B[V - V2] = (0} - 03)?]

and )
1
et - ] = 1= a4 J00 o)
T
and we can use Young’s inequality to find the claimed control. O

We now put these two lemmas together to prove Theorem 7.2, which states exponential

convergence in the Wasserstein W, distance.

Proof of Theorem 7.2. We first show that we can reduce the result to the case of deterministic
initial conditions. We denote ;" to be the law of the solution to the SDE initialized at (x,v).

Suppose we know that
Wa (g 0 ™?) < w(t)d((w1, v1), (21, 02)).

Then, given any coupling 7 of initial measures pg, v, we have

Wiz, )? < / Wh(uEr™ ) 2dm((1, 01), (22, 02))
(TxR)2

<w(?) /(TX]R)2 d((z1,v1), (z2,02))*d7((21,v1), (T2, v2))-
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7 Hypocoercivity
Taking an infimum over 7w shows that this implies
Wa (e, vi) < w(®)Wa (o, vo)-

Given any initial points ((z3,vd), (22,03)), we let (X}, V'), (X2, V?)) be the coupling
between p; and v from Lemma 7.9. By explicitly calculating the variance of the distribution
of A|B using (7.4), (7.5) and (7.6), we see that the variance grows asymptotically as t/\2.
Hence by Lemma 7.8 we can choose 3 so that 1 — 3 — 0 exponentially fast with rate 1/2\2L2.

This, combined with the control from the second lemma, shows that
E[(V = V22 +1X] = X2B] < (72 4+ ce™/25) [(wh —vd)? +|af —aBf] . O

The explicit solution also allows to prove that the evolution is not a contraction semigroup.

Proof of Proposition 7.3. We will prove the theorem by contradiction. Suppose v > 0 and let

a # b be two distinct points on the torus. Consider the initial measures
Ho = 5:v:a671:0

and

Vo = Og=b0p=0-

Then the distance is Wa (o, v0) = |a — blr.
At time t the spatial distribution of u; and v, interpreted in R, is a Gaussian with variance

Y a4, which, by the explicit formula (7.4), can be bounded as
Yaua (t) < CAt2

for a constant C'4 and ¢t < 1.

Hence, if d > 0 and t < 1, the spatial spreading is controlled as

2% 44(t) —d?
(T la—d.a+d) x R) < 2240 oy (w)

t2 d?
< CIE exp <_02t4>

for positive constants C; and Cs, where we have used the standard tail bound for the Gaussian
distribution (see e.g. [112, Lemma 12.9]).

For any d > 0 small enough that a £d and b+ d do not wrap around the torus, any coupling

between u; and v, must at least transfer the mass

1—w((T\[a—d,a+d]) xR) =1 ((T\ [b—d,b+d]) xR)
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7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

between [a — d,a + d] and [b — d, b+ d].

Hence the Wasserstein distance is bounded by

t2 d?
Wi (e, vt) > (Ja — blp — 2d)? (1 - 2013 exp (—Cgt4>> .

Taking d = |a — b|pt?/? for t sufficiently small, this shows that

2C Cala — b3
W3 (e, 1) > la = b3(1 — 2%/2)° (1 a gy Ve (‘w» '

However, for all small enough positive ¢, we have
(1 _ 2t3/2)2 > e—’yt/Q

and

2
(1 20 Viexp (_ Cala b|1r>) S o= t/2

|a — blT t

contradicting the assumed contraction. For the second estimate we use exp(—c/t) < (1 +
c/t)y"t =t/(c+t). O

7.2.4 Co-adapted couplings
Existence

For Theorem 7.5, we construct a reflection/synchronisation coupling using the drift-corrected
positions Y;’. As the positions are on the torus we can use a reflection coupling until ¥;! and
Y;? agree. Afterwards, we use a synchronisation coupling which keeps Y,! = ¥} and reduces
the velocity distance.

For a formal definition let ((Xg, V), (X3, V#)) be a coupling between p and v obtaining
the Wasserstein distance (the existence of such a coupling is a standard result, see e.g. [158,
Theorem 4.1.]).

We then define the evolution of this coupling in two stages. First, define (X}, V') and
(X3, V2) to be strong solutions to (7.1) with initial conditions ((X¢, V) and (X2, V§) re-
spectively and driving Brownian motion W;'. Then we recall the definition of Y* from (7.8),
and define the stopping time 7 :=inf{t > 0: Y;! = Y;*}. Then we define a new process W}
by
-w} ift <T,

W? =
Wr—2Ww} ift>T.

By the reflection principle, W2 is a Brownian motion. We use this to define a new solution
(X2,V2) to be the strong solution to (7.1) with driving Brownian motion W2 and initial
condition (Xg,Vi#). Note now that 7' = inf{t > 0: V! = V}*}.
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7 Hypocoercivity
For the analysis we introduce the notation

My =Y Y7,
Zy =V} - VA

Then by the construction the evolution is given by
2 1
dM,; = XltSTth , (7.10)
dZy = —A\Zydt + 2 - Ly<pd W, (7.11)

where M; evolves on the torus T.

As a first step we introduce a bound for T'.

Lemma 7.10. The stopping time T satisfies

4 & (2k+1)2 \ . [ (2k+1)|Mo|r
(T > t|MO = % 2 < Mt> S11 <2I/ . (712)

Proof. As M; evolves on the torus, T is the first exit time of a Brownian motion starting
at My from the interval (0,27L). See [112, (7.14-7.15)], from which the claim follows after

rescaling to incorporate the 2/ factor. O

Remark 7.11. The second expression in (7.12) is obtained by solving the heat equation on

[0, 27 L] with Dirichlet boundary conditions and initial condition &y, .

Lemma 7.12. There exists a constant C' such that for any t > 0 the following holds
P(T > t|{My) < C|Mo|p(1 + t1/2)e t/ XL (7.13)
Proof. Using (7.12) and the inequality sin(z) < z for > 0, we have

Myt 2k + 1
P(T > t|My) < _t/(Q/\zL )Z | 22\T Qki le—4k2t/(2>\2L )

< —|MO|Te—t/(2/\2L2) (1 + /oO e—4u2t/(2,\2L2)du>
7L 0
2 272 e

= | M, —t/(2X\°L7) 1 .~
7rL| ofre + 8t/(\2L?)

< C|Molo(1 4 ¢71/2)e /@Y1,

where on the second line we have bounded the sum by an integral. O

Using these simple estimates, we now study the convergence rate of the coupling.
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7.2 Wasserstein contraction for the Fokker-Planck equation on the torus
Lemma 7.13. There exists a constants C such that for any t > 0 we have the bound

C|Mo|re=2* if 2 < 1/(2)\2L2),
E [|M |3 + |Z:*|(Zo, Mo)] < | ZoPe M + { C|Mo|p(1 + t)e=2 M if 2\ = 1/(2A2L?),
C|My|pe™/ XL ifax > 1/(2A2L2).

Proof. Without loss of generality we may assume that Zy and Mj are deterministic in order
to avoid writing the conditional expectation.

Applying Itd’s lemma, we find from (7.11) that
d|Z,? = =2\ Z|2dt + 4 - i< Z, AW 42 - 1< pdt.
After taking expectations we see that
d
&E\Ztﬁ = —2\E|Z,* + 2P(t < T). (7.14)
By explicitly solving (7.14) and using Lemma 7.12, we obtain
t
E|Z|? = | Zo|?e M + 2e—2“/ *MP(s < T)ds
0

t
< |ZO‘2672)\t + C|M0|T672)\t/ 6(2)‘71/(2)‘ L ))5(1 + 571/2) ds.
0

=:1

Let us bound I;. As the integrand is locally integrable, we have for a constant C

t
It S C (1 +/ e(2>‘_1/(2)‘2L2))8 dS) .
0

Here the s~'/2 term can be bounded by 1 for s > 1 and for s < 1 the additional contribution

can be absorbed into the constant. To bound the remaining integral we consider three cases:
e 2)\ < 1/(2)\2L?): The integral (and I;) are uniformly bounded, I; < C.
e 2\ = 1/(2)\2L?): The integrand is equal to 1 and I; < C(1 + t).
e 2)\ > 1/(2A2L2): The integrand grows and I, < C(1 4 e(2A=1/(2A*L)t)

In each case we multiply I; by e~2* to obtain the decay rate. In the first two cases this gives
the dominant term with |My|r (as opposed to |Zy|) dependence, while in the last case it is
lower order than the e~*/(2X*L?) decay we obtain from E|M;|2 below.
Next let us consider E|M;|2. Using the finite diameter of the torus we have the simple
estimate
E|M 2 < 72 L*P(T > t).
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7 Hypocoercivity

We now handle the cases of small and large ¢ separately. For ¢ > 1 (say), we can use
Lemma 7.12, to obtain
E|M; |2 < C|Mol|g e /N,

This leaves the case when ¢ < 1 where (7.13) blows up. We instead use the martingale property
of M;. Without loss of generality we may assume that My € [0,7L]. Then as M; is stopped
at T we know that M; € [0,2nL] for all ¢ > 0. Hence, for any ¢ > 0,

E|M, |2 < E|M,|* < 2rLEM; = 2 LMy = 2 L|My|r
by the martingale property. Combining the ¢ <1 and ¢ > 1 estimates we have
E|M; |3 < C|M0|Te_t/(2>‘2L2) for t > 0.

This together with the bound for E|Z;|? provides the claimed bounds of the lemma and

completes its proof. O

Proof of Theorem 7.5. By the equivalence of the norms from (X, V) and (Y, V), we see that

1
B (1} - X2+ 1V - V2P) < (14 3 ) E QM + 12F)

< C'C(HE(|Molr + [ Zol?)

< CCOE ((1X5 - X3R + 1V = Vo) + (1X0 - X3R + v — Vo))
Here we used Lemma 7.13 to go between the first and second line, and to find the exponentially
decreasing term (. The constants C' and C’ come from the constants in equivalence of
norms. O
Optimality

In order to show Theorem 7.7, we focus on the drift-corrected positions ¥;! and Y;> which
behave like time-rescaled Brownian motion on the torus. We prove the following decay bound

on their quadratic distance.

Proposition 7.14. Suppose there exist functions a: (0, 7L] — R* and ¢ : [0,00) — Rt with
¢ € LY([0,00)), such that, for any z € (0,mwL] there exist two standard Brownian motions
W} and W2 on the torus T = R/(2rnLZ) with respect to a common filtration such that
|Wa — WE| = 2, and for t € RT it holds that

E[IW} - W2 < (a(2))%¢(8).
Then with a constant ¢ only depending on L, the function « satisfies the bound

a(2) > cllCl 1 o o V2

156



7.2 Wasserstein contraction for the Fokker-Planck equation on the torus

From this Theorem 7.7 follows easily.

Proof of Theorem 7.7. Fix z € (0,7L] and consider the initial distributions p = dx—gdy—o

and v = 0x—,0y—p. Between p and v, there is only one coupling and Wa(u,v) = z.

If there exists a co-adapted coupling ((X}, V'), (X2, V;?)) satisfying the bound, then Yf/)\z

and Yf/

y2 are Brownian motions on the torus with a common filtration. Moreover,
E(lY) - Y27 < CE[X; — X2[7 + V! = V2]

for a constant C' only depending on A. Hence we can apply Proposition 7.14 to find the

claimed lower bound for a. O

For the proof of Proposition 7.14, we first prove the following lemma.

Lemma 7.15. Given two Brownian motions W} and W} on the torus with a common

filtration, then there exists a numerical constant ¢ such that

E[W}! — W2 2] > ce 2/ FE[|Wi — W)

Proof. The natural (squared) metric |z — y|2 on the torus is not a global smooth function of

z,y € R as it takes z,y mod 2w L. Therefore we introduce the equivalent metric

42 — I2gin? r—Yy
T(xay) Sin 2L 3

which is a smooth function of x,y € R. Moreover, the constants of equivalence are independent

of L, i.e. there exist numerical constants ¢; and ¢y such that
clr =yt < di(z,y) < calz —yl3.
Now consider H; defined by

e (W2 W' — w2,
Ht = Lsin <2l, exp T .

As W} and W2 are Brownian motions, their quadratic variation is controlled as [W?! —W?], <

4t. By Ito’s lemma

1 Wl —wg Wt — w2, 1 2
dHt = 5 COs <2L exp T d(W 4 )t.
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7 Hypocoercivity

Therefore we may bound the quadratic variation of H by

‘1 W — W2 Wt — w2
[H]t = / Z COS2 (152[1t) exXp ([2[/2]t) d[Wl — WQ]t
0

Therefore, as also |Hg| < L, the local martingale H; is a true martingale and by Jensen’s
inequality
E[|H,?] > E[|Hol?]-

Using the equivalence of two metrics, we thus find the required bound

_ wl_—w?2
E[W — W22] > ¢ 'E [|Ht|2exp (—[])}

212
_ 2t
> ¢; 'E [|Ho|?] exp <_LQ>
—1 1 212 2t
> crey E[|[Wy — WilT] exp 72 ) O

With this lemma we prove the remaining proposition.

Proof of Proposition 7.14. Fix a € (0,1), let z € (0,7L] be given, and by symmetry assume
without loss of generality that Wi — W = |W1 — W¢| = 2. Then define the stopping time

T= inf{t >0: W) —W2¢ (az,wL)}.
The distance can be bounded as
E[|Wt1 —w? ;ﬂ > BT > t](az)?.
As ( is integrable, it must decay along a subsequence of times and thus 7" must be almost

surely finite.

As W} and W2, considered on R, are continuous martingales, their difference is also a
continuous martingale. By the construction of the stopping time, the stopped martingale
(WL — W?2)ar is bounded by 7L and the optional stopping theorem implies
z—az

P[W%—W%:wL =
L —az
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7.3 Spatially degenerate Fokker-Planck equation
Since Brownian motions satisfy the strong Markov property, we find
]E/ Wl —w2Adt > ]E/ Wl — W23 de
0 T
Z]P{W}fW% :WL} EU W) — W22 dt ‘ Wi — w2 —w]

T

oo
> P[W} ~ W2 = WL} c(rL)? / e 2t/ qt
0

zZ—az L2

L c(nL)? =
- 7TL—0LZC(7r ) 2
> Cuz

for a constant C, only depending on a and L, where the strong Markov property and then
Lemma 7.15 are applied on the second line.

On the other hand, integrating the assumed bound gives

B (W - W < (@GP [ (0dt < @RI o
0 0

Hence
Caz < ((2))*[<]l 2 (10,00))

which is the claimed result. O

7.3 Spatially degenerate Fokker-Planck equation

In this section, we study the problem with a spatially degenerate relaxation, i.e. an evolution
of the form
Wf=Gf=(T+oM)f,

where o is a non-negative spatial weight. Here T is again the transport operator and M is the
relaxation operator. The weight ¢ models the amount of relaxation through the background
and the degenerate case occurs if ¢ is not bounded below by a positive constant.

The case where M is the linear Boltzmann operator has been studied by Bernard and
Salvarani [15] and Han-Kwan and Léautaud [67], where they prove that hypocoercivity is
equivalent to the (uniform) geometric control condition. In order to define the condition, we
let (X4, (t), 2p,0(t)) be the characteristic of T' starting from (z,v), i.e. for an Hamiltonian

system it is the solution of

AXp0(t)  OH (X, o(t), Zan(t))

dt 0= ’
dEm,v(t) - aH(Xm,v(t)a Em,v (t))
dt 0X ’

Xz 0(0) =z, Erp(0)=v
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7 Hypocoercivity

with the Hamiltonian H.

Definition 7.16. The weight function o satisfies the uniform geometric control condition for

the transport operator T, if there exist constants T* < oo and C > 0 such that

.
/0 o (Xpn(s))ds > C

for a.e. (z,v) €T.

Intuitively, the condition imposes that every trajectory spends a significant time within the
non-degenerate region where ¢ is non-vanishing.

Together with Frédéric Hérau, Harsha Hutridurga and Clément Mouhot, we established
that the geometric control condition is also sufficient in the case that M is the Fokker-Planck
operator. In contrast to the linear Boltzmann equation, I could establish that this condition
is not necessary.

Intuitively, if the geometric control condition, then for any time 7™, there exists a sequence of
initial data such that for a position (z,v) in their support fOT* 0(Xy.0(8)) ds is arbitrary small.
In the case of the linear Boltzmann equation, this provides a counter-example of exponential
convergence. However, for the Fokker-Planck operator this can fail, as the gradient of the
initial data can be more and more increasing.

We consider one space and spatial dimension, both over R, i.e. I' = R2. As equilibrium

state, we impose
2

Foolz,v) = rlemet

We suppose that the transport operator T is generated by the Hamiltonian H = 22/2 + v? /2.
Finally, we take the diffusion operator M as

Mf=V,-(V,f +2vf).

We finally suppose o(x) = 2, so that the geometric control condition is violated. Nevertheless,

we have exponential decay, i.e. the generator G is hypocoercive.

Theorem 7.17. In L?(R?, F 1), the semigroup generated by
G=T+cM

1s exponentially decaying to the equilibrium.

We shall equivalently consider the density h with respect to Foo, i.e. f = hF., which
evolves as

Oth + vV h — xV,h = 2% (Ayh — 20V, h) .

Expressed in h, the decay writes:
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7.3 Spatially degenerate Fokker-Planck equation

Theorem 7.18. Let A = 20, and B = vd, —x0, be the (unbounded) operators in L*(R?, F.).

Then the semigroup e "4 A+E) is exponentially decaying to its equilibrium.

We introduce the commutators
Cy = [Cy-1, B]

fork>1withCy=A
The previous statement is proven in the framework of hypocoercivity [156, Theorem 24]. A

simplified statement is:

Theorem 7.19. Let H be a Hilbert space with the unbounded operators A and B with B* = B.
Let L =A*A+ B and K = ker L. Assume there exists N. € N such that Cn_41 is bounded
relative to {CJ}OSjSNc and {CjA}OSjSNC and f07“ ke {0, ceey Nc}

(i) [A, Ck] is bounded relative to {C;}o<j<k and {CjA}o<j<k—1,
(it) [Cr, A*] is bounded relative to I and {C;}o<j<k.
If further
N
D =Y C;c;
j=0
is coercive, then there exist constants C and X\ > 0 such that for f € H with f € K+ holds
le™ £l < Ce™ || f]I.

‘We note that

Cl = me — ’UVU,
Cy=-2 (’UVI + vav) s
Cs = —4C1.
Hence with N, = 2, we can satisfy the boundedness of the commutators.

Lemma 7.20. With N, = 2, we have that Cn_ 41 is bounded relative to Cy and (i) and (ii)
of Theorem 7.19 hold.

Proof. As Cn,41 = C3 = —4CY, the first part is trivial. For the second part note

[4,C)] = 22V, = —24,
[A,Co] = —201,
[Co, A™] =
[C1, A"] = =22V, = —2A4,
[Co, A*] = =2 (2V, — vV, + 22° + 20%)
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7 Hypocoercivity
from which the result follows. O

Therefore, the claimed result follows from the following coercivity estimate, as the constant

solution 1 is spanning the kernel of the generator.

Proposition 7.21. Let D be as defined in Theorem 7.19 with N. = 2. Then there exists
Kk > 0 such that
(Dh,h) = &||h|

holds for h with (h,1) = 0.
We first note that D controls the weighted derivatives.

Lemma 7.22. In L?*(R? F,) holds for h € L?(R?, Fy,) that
IDAI? 2 [lzVsh||* + [0V ohlf* + lzVoh]|? + [0V ahlf.
Proof. We have
|1DA|2 = / (@ + @ = 0T )+ AVt 2V )] (o) da o
z,ve
= [[aVahl® + [vVoh|* + 2Vl + [[vVsh|*
+ / . 3(vVeh + £V, h) % Foo(2,v) da dv,
z,ve
which shows the claim. O

Hence it remains to proof the weighted Poincaré inequality.

Lemma 7.23. There exists ¢ > 0 such that if (h,1) =0 then
IDA|* > cl|h|f?
for h € L*(R?, Fu).

For the remaining Poincaré inequality, we use Hermite polynomials (H,,),en, which form

an orthogonal basis of L?(R, e_zz) and satisfy for n,m € N

/ H,(z)H,, (J;)6712 dz = /72" n!6nm,
zeR

H) (z) = 2nH,_1(x),
H,11(z) = 22H,,(x) — H,, () = 22H,,(z) — 2nH,,_1 (),

where we use the convention that H_,, = 0.

In one dimension, it allows us to show a refined inequality.
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7.3 Spatially degenerate Fokker-Planck equation

Lemma 7.24. Let f € L2(R,e~*") with expansion

B H,(x)
flz) = %bnm-

Then for small enough constants c.,c, € RT we have

12V f} 2 omezy 2 —Cotulbr]” + (2= ccan) b+ D" celbal’+ D0 colbul®

n>3,neven n>3,nodd

for

a, = 1005212)02). (7.15)

In terms of the expansion, we have

||fHL2(cfw2) = Z |bn|2»

neN

so that we have shown a Poincaré inequality apart from the term —c,aq|b1|?. Indeed the
proof shows that this missing term is necessary.

The key in proving this estimate is the following inequality for the sequence (a;, )nen-

Lemma 7.25. Let (a,)nen be given by Equation (7.15). Then for small enough ¢ € RT and

n > 2 we have
Qp—2

l4+cap—s —

—nla, +n(n—1)

Proof. Using the definition we find

Q2
1+cans
B n* (—=10000¢ 4 99)

© (n+2)*(100c (n + 8) + n?)

N n? (—180100¢ 4 2396) + n? (—801200¢ — 404) + n (—3600¢ — 3200) — 3200¢
(n +2)* (100¢ (n 4 8) 4+ n?)

—n’a, +n(n—1) -1

The denominator is always positive and in the second fraction we can bound the numerator

for n > 2 as

n3 (—180100c¢ 4 2396) + n? (—801200c — 404) + n (—3600c — 3200) — 3200c
> n? (—582000c 4 1394)

For ¢ < 697/291000 = 0.0024, this is non-negative as well as —10000c + 99 is non-negative.

Hence both fractions are non-negative, which is the claimed result. O

With this we can prove the claimed result.
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7 Hypocoercivity

Proof of Lemma 7.24. From the Hermite polynomials we have £V, H, (z) = 2nzH, 1 (z) =
nH, (z) + 2n(n — 1)H,,_a(z) so that

eV fII? = ‘nbn +v(n+1)(n+ 2)bnio

neN

‘2
For the even coefficients we find
Z ‘nbn—i— Vin+1)(n+2)b,ia
neN,n even
=2bl?+ > (

n>2,n even

‘ 2

2

————— 5 bn

CeOlp
7Ceann2‘bn‘2+ 1 c (n+1)(n+2)|bn+2|2>
> (2 — cear) |ba]® + Z —cenfay, + Mm(n — 1)) |bnl?
a 1+ CeQlp—2

n>4,n even

> (2= cea)lbal’ + Y celbnl?,

n>4,n even

where the last line follows from the Lemma 7.25 for small enough c..

Likewise for the even coefficients we find the lower bound

_C()O‘1|bl|2 + Z Co‘bn‘Z-

n>3,n odd

Combining the two cases gives the claimed result. O

To complete the estimate we need to use the mixed terms zV, and vV, to gain in the first

two coeflicients.

Lemma 7.26. Assume f € L2(R2,6*$2*”2) with expansion

- H, (x) H, (v)
= Z bn’mﬂ'l/‘l\/Q"n! nl/4/2mm!’

n,meN

Then for v >0

097182 X (101 + T2l = 2l
m>1 —i—’y

and
flIZ > b, 1|2 2 by ol? — 27(b,, o|?
vV fl3 > (I Al +1+7| 0" = 29(bn 2|

n>1
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7.3 Spatially degenerate Fokker-Planck equation

Proof. With the convention of b_; ,,, = 0 we find

Hy, (z) Hpn (v)
ml/4y/2nn] pl/4y/2mml

mv'uf = Z vm + 1 (\/Ebnfl,m+1 +vn+ 1bn+1,m+1)

n,meN
Hence
[V f I = 37 (1Bl + (o + V2ho,m)?)
m>1
g 2 2
> <|b1,m|2+ 1b0,m|” — 277[b2,m| )

m>1 1+ v

and likewise for the other mixed operator. O

We can thus combine the operators to find the following lemma.

Lemma 7.27. Assume [ € LQ(RQ,e*IL”z) with expansion

H H
f= 3 b nlr)  Hn()
/Ao pl/4y/2mm)

n,meN

Then there exists a constant ¢ > 0 such that

leVa fI2 4+ 12V f 1P 2 ¢ 37 S b

neNm>1

and

Vo fIZ + 10VafI? 2 e > lbuml.

n>1meN

Proof. Combine Lemmas 7.24 and 7.26 to find

|2V fIIP + 2V fIP = ( = Cotu|brm|* + (2 = ccaz) |bz,m ?

m>1

+ Z Ce|bn,m|2 + Z Co|bn,m|2

n>3,neven n>3,nodd

v 2 2
me bm 2 bm )
+ [b1,m|” + 7|o,| V]b2,m|

1

Hence for a suitable combination of small constants c., ¢,,~y the result follows. The other

direction is the same. O
This implies the claimed Poincaré inequality and thus the exponential decay.

Proof of Lemma 7.23. Given h € L? with (h,1) = 0, expand it as

H,(z) H,,(v)
h = bn.m .
Z U rl/A/9np! wl/4y/2mm)

n,meN
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7 Hypocoercivity

The condition (h,1) then implies that by ¢ vanishes and thus Lemma 7.27 shows the inequality

for a positive constant. O
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8 Expansion into Hermite functions

This chapter studies the expansion into Hermite functions, which form an interesting spectral
basis for data on unbounded domains. In particular, for the transport equation, the structure

of the differentiation matrix allows a stable semi-discretisation.

8.1 Introduction

8.1.1 Motivation

Consider a general evolution equation

{athfa
f(oﬂ) :fin

with an evolution operator A and initial data fi,.
For the numerical solution, most algorithms discretise f by an approximation f charac-

terised by coefficients ()= as

N—-1
fN(t7 ) = Z an(t)¢n(')7
n=0

where often the elements ¢,, are fixed in time. In many cases, the partial differential equation
(PDE) with the operator A is then reduced to an ordinary differential equation (ODE)
for the coefficients (a,)"-, which is then numerically solved. The resulting ODE is the

semi-discretisation q
&(an)ﬁfz_ol = A(an)gz_olv
where A is the discretised evolution operator.

Popular choices are finite-differences or finite-elements, in which the discretised evolution
operator is localised. Another interesting class are spectral methods, where A is not localised,
but the approximation converges geometrically, i.e. much faster.

A crucial requirement in this process is numerical stability, which means that the discretised
evolution operator A does not amplify discretisation and rounding errors in an uncontrolled
way. In particular, the discretisation cannot have additional modes amplifying noise. For

the transport equation A = 9,, this is a delicate issue, because the evolution operator has
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8 Expansion into Hermite functions

the spectrum along the imaginary axis and any positive eigenmode of the discretisation A
ruins the stability. It turns out that the crucial property is the anti-selfadjointness of the
differential operator, which needs to be shared with the discretisation. See the work by Hairer

and Iserles [66] and Iserles [76] for a review.

The most used choice for a spectral method is the expansion into a Fourier series. In this
basis, the differentiation matrix is anti-selfadjoint and diagonal. Moreover, using the fast
Fourier transform (FFT), the expansion can be computed very fast. However, it assumes
periodic boundary conditions. In contrast, many physical systems are modelled over R
without periodic boundary conditions. For example in kinetic equations the velocity variable

is normally over R and in the case of a confining potential the position is also modelled over
R.

A solution can be the use of Hermite functions (¢, )nen, which form an orthonormal basis
of L?(R) and are given by
H,, (z)e /2

where (H,,)nen are the Hermite polynomials. Indeed, the differentiation is

Yale) _ [T )4\,

¢n('r) =

dx 2

which shows that the differentiation matrix is skew-symmetric, i.e. anti-selfadjoint. Moreover,

the differentiation matrix is tri-diagonal allowing a fast computation.

Using the orthonormality, a function can be expanded as

an = (f.bn) = /R F(2)m(2)da.

Naively, we can use a quadrature rule in order to compute the coefficients a, for n =
0,...,N — 1. However, using N nodes, this takes O(N?) operations, which is too slow for an

iterative use.

Therefore, we consider the task of expanding a given function into Hermite functions as a

first step and provide a solution for sufficiently localised functions.

For the application, we note that the basis can also be scaled, i.e. [Ad,(\)]nen is also an

orthonormal basis and this scaling is important for a meaningful expansion.

Finally, we remark that another important application is the Schrodinger equation, where
the skew-symmetry of the differentiation matrix ensures unitarity. Moreover, using a splitting
method, the fast expansion is needed in order to compute the expansion of V(z)f(x), where
V' is the potential. In this case a localised potential V' automatically ensures a localisation of

the expanded function.
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Figure 8.1 — Visualisation of Hermite functions.

8.1.2 Reexpansion

The approach follows the recent progress in the expansion into Jacobi polynomials. The
common element is the use of the FFT, often in the form of the discrete cosine transform, in
order to compute an expansion into Chebyshev polynomials and then relating the Chebyshev
coefficients with the sought Jacobi coefficients.

For the last step, Driscoll and Healy [50] and Potts, Steidl and Tasche [132] used a successive
expansion into Chebyshev polynomials with the three-point recurrence relation to compute
the coefficients exactly up to rounding errors in O(N log? N). Alpert and Rokhlin [3] and
Keiner [80] noticed that the connection coefficients can be well-approximated by a low-degree
multipole expansion converting the coefficients in O(N) up to a controlled error. Finally,
Cantero and Iserles [27], Iserles [75] and Wang and Huybrechs [162] explored the observation
that, for analytic data, only the near diagonal elements are relevant, yielding a fast and simple
algorithm.

Normally, the interpolation points are chosen to be the roots of the N-th polynomial so that
the Gaussian quadrature ensures a fast convergence, but like the Clenshaw-Curtis quadrature
similar distributed nodes work as well. Asymptotically, the roots of any Jacobi polynomial
are distributed as (1 — 22)~/2dx over [—1, 1], which suggests that the reexpansion works.

For the Hermite functions (¢, )nen, we recall that ¢y is oscillating in the region [—v/2N, v/2N]
and decaying exponentially outside this region [150], cf. Figure 8.1. Moreover, the distribu-
tion of the roots of ¢ is asymptotically proportional to /1 — %dx over the region. This
motivates our approach to first expand over [—\/ﬁ V2N ] and then to reexpand it. Instead
of an initial expansion into Chebyshev polynomials, we reexpand into a Fourier series in order
to keep closer to the distribution of zeros.

In fact, we will focus on sufficiently localised functions such that g(z) := f (ac)e‘”Q foraa>0
decays to zero fast and expand ¢ into a Fourier series. In the case of a = 1/2, we can rearrange

the weights, so that it looks like an expansion into Hermite polynomials (Hy,),en-
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8 Expansion into Hermite functions

Section 8.2 shows that an expansion into Fourier series converges fast for a sufficiently
localised function, which we call Sombrero phenomenon. Finally, in Section 8.3, we show how
to relate the obtained coefficients from the Fourier series to the coefficients of the Hermite

expansion.

8.2 Sombrero phenomenon

As the first step, we expand a function f over the interval [—A, A] into a Fourier series and
notice that in our application f is not periodic. Common wisdom tells that a Fourier series
is not appropriate in this case. While a slow asymptotic decay rate is true, it is misleading,
because for sufficiently decaying functions the decay of the Fourier coefficients is much faster
up to an error much smaller than machine accuracy.

More formally, this section considers a function f : [—A, A] — C, which decays towards +A.

Such a function can be represented by the Fourier series

f(l‘) _ Z j?neifrnz/A7

neN

where

. 1 4 /A
fa= o [ K f(z)da.

As an example consider the functions z — sin(z2)e=* and z — (1 + 22)~le=*", which are
practically zero around possible endpoints +6. Their coefficients are shown in Figure 8.2.
While the slow asymptotic decay is true, it only appears as Sombrero flat after a much faster
decay, which follows the usual geometric decay.

In fact, we can relate the Sombrero flat to the smallness at the endpoints for analytic

functions.

Theorem 8.1. For a function f : [—A, Al — C let r > 0 such that f has an analytic
continuation in
{z€eC:Rze[-A,A] and Sz € [-r,r]}.

Define

6= sup max(|f(z—ir)l,[f(z+ir)])
z€[—A,A]

and
e= sup max(|f(-A+iy),|f(A+iy)]),

yE[—r.7]
then the Fourier coefficients are controlled by

ful < §emInir/A _€
|n|
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Figure 8.2 — Fourier series expansion over [—6, 6].

forn€Z andn #0.

The first term de~ """ is exactly the fast decay, while the second term €/(w|n|) is the

Sombrero flat.

Proof. Introduce the contours 't and I'” as union of Fli, FQi, F?% as shown in Figure 8.3, i.e.

T = —A=+i0,7],
Ty = £ir + -4, 4],
I = A+ifo,7r).

If n > 0, deform the integral for fn along I'”™ by Cauchy’s integral theorem. This shows

fn:I1+12+137

where for j =1,2,3
1

- —imnz/A
54 . e f(z)d=.

I;
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Figure 8.3 — Contours I'* for deforming the Fourier integral.

Along I; we find

|11]

IN

1 T
—mny/A —A—i
2 [ e )y
€

IN

2mn

and likewise |I3| < ¢/(2mn).

Finally, for I we find

L < —/ e ™A f(x —ir)| dx
I 2| 24 A ‘ ( )|

< 5e—frnr/A

Combining the estimates shows the claim. For n < 0, we can perform the same estimates
along ', O

In practise the coefficients are computed using numerical quadrature at N points, which

can be done efficiently using FFT. If we use, the quadrature points (In)nN:_01 at

2n— N +1
:7~A
N )

Tn

then the result fnjﬁf of the numerical quadrature is given by the aliasing of the higher modes.
For this note that for alln =0,..., N — 1 holds

e—l‘n'Na:n/A — e—m(l—N) )
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8.2 Sombrero phenomenon

Hence the result of the numerical quadrature is

£ = Z e Mk N

kEZ

For an efficient usage, we want to ensure that the coefficients converge fast up to a small

error. In the case of even IV, we use the basis elements with

N N
=0,...,—,—+1,...,—-1
m ) 72’ 2+’ )
and for odd N
m—o. N-1 N-1
=0,...,—5—, 5L

In fact, we can show that the quadrature error is again small.

Theorem 8.2. Assume the hypothesis of Theorem 8.1. Then for m < N/2 we have

R AN € 1 1 ef7r(N+m)r/A efﬂ(me)r/A
Lﬁn"j%J < = + +4 — + — —_
T N+m N —m 1—e T(N+m)r/A 1—e T(N—m)r/A
de ewar/(QA)
< TN + 251 — e—mNT/(24)"

Proof. From the aliasing, the error can be split as

= PN <[ S0l S ek,
k=1 k=1

For the first sum deform the contour along I'™ as in the proof of Theorem 8.1. We then find
for K e N

K K
¢ 1 —im(m z —iTNz/A—im(1—
3" furan| < ﬂ/ ’e (m+N) /A’, S elmimN/A—m(=NK| | £(2)]| d2
k=1 - k=0
—irNz/A—ir(1—
<1 ‘e—i'rr(m+N)z/A). 1 — elmimNz/A=im(1-N)|(K+1) ()] s
- 2A r— 1— e—iﬂ'Nz/A—iTr(l—N) .

As in the proof of Theorem 8.1, we find along the part I';’

1 — —im(m+kN)z
Bl = |55 [ e ) s

1 k=1

. " 14+ efer(KJrl)y/A

2A - 14 e-7Ny/A
€

~ 2n(m + N)

€ —r(m+N)y/ ds
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8 Expansion into Hermite functions

and likewise for I3. For the part along I';, we find

1 o
|Il‘ — 7/ efm(erkN)z/Af(Z) dz
—m(m+N)r/A
<5

— 71 —e-m(m+N)r/A"

As this holds uniformly over K, the bounds hold for the infinite sum. For the second sum, we

can do the same analysis over I'", yielding the claimed bound. O

8.3 Reexpansion

The previous section shows that over an interval [—v2N, v/2N] a sufficiently decaying function

g can be well-approximated by

imnx/A AN
> oAl

where the g are the discretised Fourier coefficients and we assume for notational convenience
that N is odd. After expanding g(z) = f(:v)e‘”’2 for a > 0, the Hermite expansion can be
computed by

N—-1
2

i ~ —az?
Ap 1= <fa ¢n> ~ < Z elm‘n'a:/Agﬁe 7¢n>a
N—1
2

m=—

where the integral outside [—v/2N, v2N] is negligible as ¢,, and f are assumed to be negligible

there. This gives a linear system

N—-1
2

AN
ap = § Cn,m Gm

N-—1
2

m=—

with the connection coefficients ¢, . In general, the computation of (an)ﬁ:_o1 from ff,\,[
takes O(N?) operations and we would not have gained anything. However, the connection
coefficients are highly localised allowing the reduction to O(kN) operators for a small integer

k depending on the sought precision.

Proposition 8.3. Let oo > —1/2, then for a # 1/2

Crm = <ei7rmx/Ae—agc2,¢n> i/ (\ﬁ)n H ( im™m )exp( l (7n71->2)

T Va Vol "\24a5 “a\24
with
s L ; L1 _2-1
a=a+ - an =1—-—=
2 7 a  2a+1
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8.3 Reexpansion

and for a = 1/2 we find

. T4 (iﬁm)”e ( (’I’YL’JT)2>
nm — =  — \ — X —\ 5 .
™= Ja Vol \ A P \2a

Proof. Recall the generating function for Hermite polynomials

Z Hn('x) " = eQ;ct—tzl
n.
neN

Hence we find

2”/20nm _ < a2 42 .2
LLCS (R 1/4 el‘/rmx/Ae ax eth t e 7 /de
—00

n!
wi/4 1 /mmN\2 immt 9 1
= eXp<_a<2A) * s ‘”1‘0))-

In the case @ = 1/2, we have vy =1 — é = 0, so that the claimed expression can be directly

neN

read off the equation.

In the case v # 0, we find again using the generating function of the Hermite polynomials

omnl2e /4 1 /mm 2\ o iTm (L))"
—t" = —— |5 H, ;
> N eXp( a (2A> )nz_;) <2Aaﬁ) nl

neN

from which we can again read off the claimed form. O

Now focus on the case w = 1/2, which corresponds to expanding the function into Hermite
polynomials. For A = V2N with N = 200, the connection coefficients are shown in Figure 8.4,

where we see that for any given n only a few coefficients are relevant.

For a precise formulation, assume that the coefficients (g )m|<nN/2 have the form
|| < derm,

which can be assured by the results of the previous section. The following proposition then

shows that the sum can be truncated with a uniformly controlled error.

Proposition 8.4. Consider ¢, ., as given in Proposition 8.3 for a = 1/2 as continuous
function. Then for e > 0, there exists k such that for every r > 0 and every n > 0, there
exists my, > 0 such that for |m — my| > k and m > 0 holds

Cnme ™| < €|epm, e7TIme .
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8 Expansion into Hermite functions
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Figure 8.4 — Connection coeflicients ¢p,m with o = 1/2 and range A = V2N with N = 100 as
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8.3 Reexpansion

Ezxplicitly, the result holds with

T\2 k2
€—eXp<— (ﬂ) 2)
The RHS is exactly the dominant term and determines the generic size of a,,. The LHS

then shows that coefficients m further than k away from m,, can be neglected with a uniformly

controlled accuracy with respect to the generic size.
Proof. For a given n consider

’I‘m)

g(m) = log(|cn,mle”

)
which is a strictly concave function over m € [0,00). In fact
Mm) =~ (1)2
g"(m) m2 24/ °

which shows that it is strictly concave. Taking m,, to be the unique maximum, we thus find
for m with |m — m,| > k that

om) < = ()" £+ g(ma),

from which the claimed result follows. O
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