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ABSTRACT. We present a local sensitivity analysis in Landau damping for the kinetic
Kuramoto equation with random inputs. The kinetic Kuramoto equation governs the
temporal-phase dynamics of the one-oscillator distribution function for an infinite ensem-
ble of Kuramoto oscillators. When random inputs are absent in the coupling strength and
initial data, it is well known that the incoherent state is nonlinearly stable in a subscritical
regime where the coupling strength is below the critical coupling strength which is deter-
mined by the geometric shape of the distribution function for natural frequency. More pre-
cisely, Kuramoto order parameter measuring the fluctuations around the incoherent state
tends to zero asymptotically and its decay mode depends on the regularity(smoothness) of
natural frequency distribution function and initial datum. This phenomenon is called as
Landau damping in the Kuramoto model in analogy with Landau damping arising from
plasma physics. Our analytical results show that Landau damping is structurally robust
with respect to random inputs at least in subscritical regime. As in the deterministic
setting, the decay mode for the derivatives of the order parameter in random space can
be either algebraic or exponential depending on the regularities of the initial datum and
natural frequency distribution, respectively, and the smoothness for the order parameter
in random space is determined by the smoothness of the coupling strength

1. INTRODUCTION

Synchronization of a weakly coupled oscillators is ubiquitous in classical and quantum
oscillatory systems, for example, flashing of fireflies, beating of cardiac pacemaker cells,
array of Josephson junctions, etc. (see [1, 3, 8, 17, 36, 39, 43, 44]). Recently, due to
possible applications in the decentralized control of drones, robots, collective behavior of
multi-agent systems has received lots of attention from diverse scientific and engineering
disciplines. After Winfree and Kuramoto’s seminal works in [35, 44|, several models for
synchronization were proposed in literature [1, 36]. Among others, our main interest lies on
the Kuramoto model and its kinetic model with random inputs [23, 24]. Next, we briefly
introduce our governing models with random inputs. Let z be a random input taking
a value in Q C R? Since the dimension of random space is irrelevent in the following
local sensitivity analysis, for simplicity we assume that it is one-dimensional, although the
dimension of the random parameters can cause computational challenges, so called ”curse
of dimension”. Let 6; = 6,(t,z) be a phase process of the i-th Kuramoto oscillator with
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uncertainty z. Then, the dynamics of the phase process is governed by the following Cauchy
problem [23, 35] for the random Kuramoto model (in short RKM):

N
K(z) . .
00;(t,z) = v; + —— sin(0;(t,z) — 6;(t,2)), t>0,i=1,---,N,
a Sy

0;(0,2) = 61" (2),

where v; is the natural (intrinsic) natural frequency of the i-th oscillator whose probability
density function is given by g = ¢g(v), and k = k(2) is a uniform coupling strength between
oscillators with random inputs z. Now we consider a large ensemble with N > 1. In
this case, it is well known from the kinetic theory [1, 30] that the dynamics of the large
ensemble can be effectively described by the corresponding mean-field kinetic equation.
More precisely, let T = R/(27Z), and F' = F(t,0,v,z) be a one-oscillator distribution
function at phase 6, with the natural frequency v at time ¢. Then, the dynamics of F
is governed by the Cauchy problem to the random kinetic Kuramoto equation (in short
RKKE) [24]:

OF + 0p(VIFIF) =0,  (0,1,2) €T xRxQ, t>0,

VIF|(t,0,v,z) = v — k(2) sin(f — 6,)F(t, 0., vy, 2)dv,.db,,

(1.2) , TR .
F(0,0,v,z) = F""(0,v,2), F"(0,v,z)=F"(0+2nm,v,z) and

/ F™0,v,2)d0 = g(v).
\JT

Note that in the absence of random inputs(parameters), global well-posedness and asymp-
totic dynamic of (1.1) and (1.2) have been extensively studied in literature [7, 9, 12, 13, 14,
15, 16, 18, 19, 20, 25, 30, 31, 32, 33, 41, 42]. Moreover, the local sensitivity analysis for the
Kuramoto models (1.1) and (1.2) with random input were also introduced in [23, 24] and
the asymptotic dynamics of the z-derivatives of F' has been studied in a sufficiently large
coupling regime k(z) > 1 where the complete synchronization estimates can be guaranteed
for a generic initial data [25].

In this paper, we are interested in the dynamic features of the random kinetic Kuramoto
equation (1.2) in a small coupling regime such as the random input effect on the nonlinear
stability of the coherent solution F, = %, which corresponds to the uniform distribution
on the unit circle. In the absence of random inputs, for a subcritical coupling strength
Kk < K¢ (where k. is the threshold coupling strength depending on g (see [1])), the order
parameter R(t) defined in (1.7) measuring the fluctuations of the incoherent state tends to
zero, as t goes to infinity, whereas it becomes unstable for a super-scritical coupling strength
K > Ke. More precisely, under the assumption that g = g(v) is even and non-increasing,
Mirollo and Strogatz [33] studied the linear stability of the incoherent solution. Their linear
stability results showed that the incoherent solution is unstable for k > k. = %(0), but
neutrally stable for k < k.. Later, in [31], they made complete analysis of the spectrum of
the linearized evolution equation for the fixed states and proved that the fully locked special
positive states are linearly stable, however the partially locked special positive states are
only neutrally stable. This phenomenon was pioneered by Strogatz-Mirollo-Mattews [40]
and it is coined as Landau damping for the Kuramoto model in analogy with Landau
damping [4, 5, 34, 38] in plasma physics, and it becomes a recent hot topic in applied
PDE community [6, 11, 18, 14, 26, 27]. Now, we return to the random kinetic Kuramoto
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equation. For the simplicity of presentation, it is more convenient to work with a conditional
probability density function f = f(t,0,v, z) defined by the relation:

(1.3) F(t,0,v,2) = f(t,0,v,2)9(v).
Then, we substitute the ansatz (1.3) into (1.2); to get an equation for f:
(1.4)

of+0(VIflf) =0, (0,v,2) e TxRxQ, t>0,

VIfI(t,0,v,2) == v — Kk(z) /11‘ Rsin(0 —0.)f(t, 0., vs, 2)g(vi)dvidb,,

(0,0,v,2) = f™0,v,2), f"0,v,z2)=f"0+2m,v,z2), /Tfm(ﬁ,l/, z)df = 1.

Since we are mainly interested in the asymptotic stability of f. := %, we introduce a
perturbation p:

1
(1.5) f(t,0,v,z2) = Py +p(t,0,v,2), V(0,v,2) e TxRxQ.

T

Again, we substitute the ansatz (1.5) into (1.4) to obtain the equation for p:

8“0—1—89[1/[,0](%—1-@]:0, 0,v,2) eTxRxQ, t>0,

(1.6) Vipl(t,0,v,2) = v — Kk(z) /TXR sin(6 — 0,)p(t, Ox, Vi, 2)g(vi)dvidby,

p(0,0,v,2) = p (8,1, 2), /pm(ﬁ, v,z)df = 0.
T

For the local sensitivity analysis for the Landau damping in a small coupling regime, we
introduce local order parameters with random inputs as quantities of interest(Qol) (see
[37)):

(1.7) R(t,2) = / ¢ F(1,0, v, 2)g(v)dOdy,
T1xR

where f is a solution to (1.6).

For a brief introduction to the local sensitivity analysis, we refer to survey papers by
the third author [28, 29|, and some related works [2, 10, 21, 22] on the synthesis of the
collective dynamics and uncertainty quantification(UQ). Up to now, the existing literature
for the Kuramoto models deals with mostly deterministic case except [23, 24]. However, as
one can easily conceive, the presence of uncertainties are unavoidable in the realistic mod-
eling. Uncertainties can result from diverse sources, e.g., measuring errors of the domain,
data and transport coefficients etc. Therefore, it is important to see the sensitivity of Qol
with respect to the random input parameters, and to study the uncertainty propagation
and how it affects the evolution of the solution asymptotically, etc. This kind of uncertainly
quantification (UQ) analysis will help to improve and calibrate the physical models. In
this paper, we consider the uncertainty from the initial data p*(6,v, z) and the coupling
strength k(z2).

The main novelty of this paper is two-fold. First, we consider the asymptotic decay of z-
variations of R(t, z) in (1.7) as t — oo in a smooth framework where the coupling strength,
the natural frequency distribution and initial datum are sufficiently smooth in 6,v and
z-variables. More precisely, if the coupling strength x is in CM, and natural frequency
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distribution g, initial datum p® are in C™ with n > 4, then the z-variations of R decay to
zero algebraically fast with the same decay rate t~" (see Theorem 2.2):

|07 R(t,2)| = O(™™), ast— oo foreach z€ Qand 0 <m < M,

where M is the highest regularity of the coupling strength in z-variable. As a direct appli-
cation of the first result, we also derive a scattering type estimate, which means that the p
along the particle path tends to some stationary profile in lower Sobolev norm H" 2 (see
Corollary 2.2).

Second, we revisit a local sensitivity analysis for the random kinetic Kuramoto equation
in analytical framework where the coupling strength, natural frequency distribution and
initial datum are analytic. In this case, we show that the z-variations of R decay to zero
exponentially fast (see Theorem 2.4): there exists a positive constant A such that

|0 R(t, z)| = O(e ™), ast— oo for each z € Q and and 0 < m < M,

where M is the highest differentiability of the coupling strength. We also obtain a scattering
type estimate as well.

The rest of this paper is organized as follows. In Section 2, we briefly discuss the ba-
sic properties of the RKKE, and discuss two frameworks. In each framework, we briefly
summarize our main results on the asymptotic decay of 07'R in two different frameworks
(smooth and analytic frameworks). In Section 3, we present a local sensitivity analysis for
the RKKE in a smooth framework where the natural frequency distribution and initial
data are sufficiently smooth. In Section 4, we also present a local sensitivity analysis for
the RKKE in an analytical framework where the natural frequency distribution and initial
data are analytical. Finally Section 5 is devoted to a brief summary of our main results and
discussion on remaining issues in connection with UQ for the RKKE.

2. FRAMEWORKS AND MAIN RESULTS

In this section, we briefly present two main frameworks. In each framework, we review
the previous results for the deterministic case, and state our main local sensitivity estimate
without proofs. The detailed proofs will be given in the subsequent sections.

Before we discuss main frameworks, we first study a conservation law and order parameter
measuring the degree of collective behavior of the Kuramoto ensemble.

Lemma 2.1. For a given T € (0,00], let F' = F(t,0,v, z) be a 2r-periodic in 6, nonnegative
classical solution to (1.2) in the time-interval [0,T) with a nonnegative initial datum F*":

[ Fn0.0.2)00 = g(0),
T
where (0,v,2) € T x R x Q. Then, we have

/Ft@vz g(v), (O,v,2) e TxRxQ, t>0.

Proof. We use the 27-periodicity of F' in the #-variable and (1.2) to get

at/ F(t,0,v,2)d0 = / O F(t,0,v,2) /89 )(t,0,v,z)dd =0,
T T
which yields the desired result. n
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Remark 2.1. Note that since
(2.1) F(t.0,0.2) = D0 4 p1,0,0,2)(0),
Lemma 2.1 and (1.6)5 yield

/p(t,@,y, z)do :/pm(e,u,z)dﬁ =0.
T

T
Next, we introduce an order parameter measuring the collective behaviors of an infinite
Kuramoto ensemble.

Definition 2.1. Let F' be a solution to (1.2). Then, the complex order parameter R is
defined by the following relation: for (t,z) € Ry x Q,

(2.2) R(t, 2) :—/ eie*F(t, Oy, Vs, 2)dvsdb,.
TxR

Remark 2.2. 1. For a Kuramoto ensemble {91}5\;1 with finite size, the complex order
parameter r is also defined by the relation:

L
r(t,z) = N Z el0it:2),
i=1

2. We subsitute the ansatz (2.1) into (2.2) to get
(2.3) R(t, z) :/ €% p(t, 0., v, 2)g (V) dvedb,.
TxR

3. The nonlocal velocity V[p] in (1.6) can be rewritten in terms of |R| and average phase ¢
i.e., (R = |R|e?). For this, we first divide the relation (2.3) by ¢ and take an imaginary
part to get

|R(t, z)|sin(o(t, 2) — 0) = / sin(f, — 0)p(t, Ok, Vi, 2)g(Vi, 2)dvidb,.
TxR

Hence, the nonlocal velocity V' [p] becomes

Vipl(t,8,v,z) = v(z) — k(2)|R(t, 2)| sin(0 — ¢(t, 2)).

Next, we discuss two frameworks for our local sensitivity analysis.

2.1. A smooth framework. Before we depict our smooth C"-framework, we recall the
Fourier transform and the Sobolev norm.

Definition 2.2. (1) Let u = u(x) be a real-valued L'-function defined on R. Then, its
Fourier transform is defined as follows.

a(r) = /Ru(:v)e_imdx, for T € R.

Moreover, if u = u(xz) € C*(R), its weighted Sobolev norm || - ||gn is defined as
follows.

[l B = 37 [1)u®| 22 gy,
k=0

where (x) := \/1+ |z|? and u*) denotes the k-th derivative of u.
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(2) Let w = u(0,v) be an L'-function defined on the infinite cylinder T' x R. Then, its
Fourier transform is defined as follows.

(2.4) Up(T) = / w(f,v)e O EDagdy,  for (k,7) € Z x R.
T!xR

Moreover, if u € C*(T! x R), its weighted Sobolev norm || - ||gn~ is also defined by

ko k.
(2.5) [lul|Zn = > 1(1)8° 05+ ull 2 () -
ko,ku >0, kg+ky<n

2.1.1. The deterministic setting. In this part, we review previous results in [18] on the
Landau damping for the deterministic kinetic Kuramoto equation:

1
815,0—1—89(1/[,0](,0—1— —)) =0, (0,v)eTxR,t>0,

2m
(26) VIO 0 = v —r [ sin0 — 8.)p(t,0u, 12)g(v v
TxR
p(0,0,v) = p"(6,v), / p™(0,v)dd = 0.
T

For a smooth initial datum p™ € C"(T! xR), it is easy to show that Cauchy problem (2.6)
has a unique global solution p € C"(R* x T! x R) by the standard method of characteristics.
Now, we discuss the Landau damping for (2.6), which corresponds to the decay of the order
parameter R.

For this, we set
Im={=z+iwy:zeR,yecR}
to be the lower half complex plane consisting of complex numbers with negative imaginary
part. Then, for any L'-function f = f(t),

f(t)e ¥tdt  is finite for every £ € II~.
R+

Now, we are ready to recall a Landau damping type result in a smooth framework.

Theorem 2.1. [18] Suppose that the distribution function g = g(v) and its Fourier trans-
form satisfy the following conditions: for some n > 4,

@1 geC®, Il <oo, §eLl®) and [ rigr)idr < oc.
R+
Then, for every k = 0 such that
(2.8) 1— “/ G(r)e Tt £0, Vel
2 Jp+

there exists €,, > 0 such that for any initial datum p™:
p" € CM (T xR)  and ||p™ gl < e,
then the order parameter decays to zero algebraically fast:
R(t)=0({t""), ast— oo.

Remark 2.3. The decay rate n of R is equal to the maximal reqularity of the distribution
function g.
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As a direct application of Theorem 2.1, one has the following scattering type result for

p.
Corollary 2.1. [18] Suppose that (2.7) and (2.8) in Theorem 2.1 hold, and initial datum
P satisfies

0™ - gl < ex.
Then, there exists a function pe defined on the cylinder with ||pso - g||gn-2 < 00 such that
p(t,0 +tr,v)g(v) — poo(0,v)g in H 2 ast — co.
Remark 2.4. Note that condition (2.8) is a stability criterion which was discussed in

Section 3.2 of [18].

For a later use in Section 3, we state some estimates, without proof, on the solution of
the integral equation:

(2.9) Ut) = S{t) + /O t G(t — s)U(s)ds, for allt € R,

where G is a complex-valued kernel.

Proposition 2.1. [18] For n € N, let G € (L' N L>®)(RT) be a complez-valued function
satisfying

/ G 2dt < oo, / PlG(0)]dt < 00 and De|  #0,
R+ R+ -

where

Dg:=1— [ G(t)e ¥dt, forall¢ e RUII".
R+
Then, there exists a positive constant Cy, ¢ € RY such that for every complez-valued function
F defined on R™, the solution of the Volterra equation (2.9) satisfies the following estimate:
for any T > 0,

sup (1+8)"|Ut)] < Cn sup (1+8)"|S(t)|, for allt € RT.
0<i<T 0<i<T

Proof. A proof can be found in Proposition 4.1 of [18]. O

2.1.2. The random uncertainty setting. In this subsection, we consider the UQ setting,
namely, random parameters z are incorporated into the initial data and the coupling
strength:

P =p"0,v,2), k=k(2).

In this setting, p is governed by the random kinetic Kuramoto equation:

8tp—|—89[V[p]<p+i)] =0, (0,v,2)eTxRxQ, t>0,

2w
(210) V[p](t,&,u, Z) =V-—= H(Z) SiH(H—9*)p(t,9*,V*,Z)g(y*)dy*d9*,
TxR
p(0,0,v,2) = p(8,v, 2), /pm(«9, v,z)df = 0.
T

Our first result says that the deterministic Landau damping is robust with respect to random
inputs z.
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Theorem 2.2. Let n > 4 and M > 1 be positive integers, and for each z € 2, we assume
that k and g satisfy conditions (2.7) and (2.8), and the extra conditions:

) m < < <M.
(1) oJnax |07 k(2)| < C, forall0<m< M

(2.11) ~
(i) g € C"®), lgllun <00, geL'®), [ 77lg(rldr <.
R

Then, there exists ec > 0 such that for any initial datum pi" € C(T! x R x Q) such that
107 (p"g)||n < ec for all0 < m < M, the order parameter associated with (2.10) satisfies

|07 R(t,2)|=0@{t™"™), ast—o00 forall0<m< M and z € Q.

Remark 2.5. Note that n is the mazximal reqularities of g and p™, whereas M is the
mazximal reqularity of K in z.

As a direct application of Theorem 2.2, we have the following asymptotic behavior of p.

Corollary 2.2. Under the same conditions (2.11) of Theorem 2.2, for any initial datum
o with |07 (p™g)||gn < ec for all 0 < m < M, there exists a stationary profile pe =
Poo(0, v, 2) in the cylinder with |07 (psog)||gn-2 < oo for all 0 < m < M such that the
solution p(t) to equation (2.10) satisfies a scattering type result:

p(t,0 +tv,v, 2)g(v) —  poo(B,v,2))g(v) in H" 2-norm  ast — oo.

Remark 2.6. 1. Note that if we have higher reqularity of z in initial datum and natural
frequency, then we can see that the same reqularity of z propagates in the solution and its
order parameter’s derivative in z-variable will also decay to zero algebraically with the same
decay rate as in the deterministic case.

2. In the proofs of Theorem 2.2 and Corolllary 2.2 in next section, we will see that, when
|07 k(2)| becomes small (i.e., upper bound C becomes small), ec can become large, and it
turns out if we fix € and we can find k(z) and corresponding bound C. to make the results
still valid.

2.2. The analytic framework. In this part, we consider the kinetic Kuramoto equation
in the analytic framework. As before, we begin with the notations:
)= (1+12)2 and (k,7):=(1+k2+72)2.
Note that ( - ) satisfies the triangular inequality:
(k1 + ko, 71 + 12) < (K1, 71) + (k2, T2).

For an analytic function u defined on T! x R, its Fourier transform can be defined as in
Definition 2.2. Next, we introduce a weight and a norm:

ApP(r) o= BT (kTP |y = LSup AP (fR(r)], Ao = {us fullay < oo}

)

Then, the space X)) is a complete metric space. We also define a quantity to control the
real order parameter |R(t)]:

(2.12) Ry ,(t) := M {t)P|R(1)].

Finally, we define an important norm to be frequently used in the sequel.
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Let A\g > 0 and a be positive constants such that

2\
O0<a< —O,
T
and for ¢t > 0 and A < A\g, we define the weight 3, and three analytic norms with v > 3:
Ba(t,\) == X\o — A — aarctant, [||A|[lap == sup BL2(, M A ps
At Ba(t,A)>0
(2.13)
Allla == [1Alax + [1AC)/ O Mllany, — HIRIa = sup — Ray(t),

At Ba(t,A)>0
where the first two norms in (2.13) apply to functions of three variable u = wu(t,0,v) that
are analytic with (6, ) € T! x R and continuous with ¢ € RT. The third norm is applied to
R(t) € C(R*;C), which is mainly used to control the order parameter |R(t)|. We denote
the Banach spaces generated by the norms [||h|||qp < 0o and |||h]||, < oo by B, and By,
respectively.

2.2.1. The deterministic setting. In this subsection, we review the previous results in [6] to
be extended to the uncertain setting. In next theorem, we recall the previous result relevant
to our second main result in analytical framework.

Theorem 2.3. [6] Suppose that for \g > 0 and vy > 3, the initial data and coupling strength
satisfy '
11" gllroy <00 and 0<rk <1,

and let p be a solution to (2.6) with initial datum p™™. Then, there exits a positive constant
C such that

(i) llp(t, 0+ tv,)g@)lle < C and [||R]lla < C.

(i3) R(t) = 0 exponentially fast. -

(#4i) 3 po(0,v) satisfying ||psoglls , < 00, for some A >0, such that
p(t,0 +tv,v) = poo(0,v) exponentially fast.

Remark 2.7. Note that the main difference of this theorem compared with the smooth case
1s that the initial data and natural frequency are analytic so that we can get exponential
decay and convergence.

2.2.2. The random setting. Next, we return to our kinetic Kuramoto equation with random
inputs (2.10).

Theorem 2.4. Let M > 1 be a positive integer, and suppose that for A\g > 0 and v > 3,
the initial datum, natural frequency distribution and the coupling strength satisfy

(2.14) 107 (p™9)||roy < 00 and |0Tk(2)| K C <1 forall0 <m < M,

and let p = p(t,0,v, z) be a solution to (2.10) with initial datum p™. Then, for 0 < m < M,
there exists a positive constant C such that
(@) 11102 (p(t, 0 + tv,v, 2)g(W))lla < C and ||0;"Rl[|a < C.
(1) |07'R(t)| — 0 exponentially fast. B
(#41) 3 poo(0, v, 2) such that [|07" (pecg)llx, < 00,  for some A >0 such that
07 p(t, 0 +tv,v, z) — 0 pec(0, v, 2) exponentially fast.

In the following two sections, we will provide proofs for Theorem 2.2 and Theorem 2.4
respectively.
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3. A LOCAL SENSITIVITY ANALYSIS IN THE SMOOTH FRAMEWORK

In this section, we provide a proof of Theorem 2.2 on the local sensitivity analysis for
Landau damping in a smooth framework.

3.1. An integral equation for the scaled order parameter. In this subsection, we

derive a Volterra integral equation (2.9) for the rescaled order parameter, and using this in-

tegral equation, we find a upper bound estimate for sup (14t)"|R(¢)| using Proposition 3.1.
0<t<T

From Theorem 2.2, we need the condition that ||07(p™"g)||g= < e¢, but we want to
normalize this and see ¢ in the equation. Therefore, we first introduce rescaled quantities
(u,U): For a given € > 0,

p(t,0,v,z)

ut(t,0,v,2) == — Us(t,z) == R(Z’ Z).

In the sequel, as long as there is no confusion, we suppress € dependence in u¢ and U*®:
u=u®, U=U°.
Then, it follows from (1.5) and (2.2) that or all ¢t € RT,

1
f(t,e,l/,z) = %_Fgu(t?e?V?Z)?

U (t, 2)|el*®) :/ eul(t,0,v, 2)g(v)dodv.
TIxR

From now on, we call U(t, z) as the rescaled (Kuramoto) order parameter. Recall that our

immediate goal is to show that the quantity 07U (t, z) decays to zero algebraically fast for

0 < m < M. For this, we introduce a rescaled Lagrangian density evaluated along the free

path:

p(t,0,v,2) :=u(t,0 + tv,v,z)g(v).

Now, substitute the above ansatz into (1.4) to derive an equation for p: for all (6,v,z2) €
T! xR x Qandt >0,

Op(t,0,v,2) + c0pp(t, 0,v, 2)W|p|(8 + tv, 2)

(3.1) + 92(;) +ep(t,0,v, Z)) OpW [p) (0 + tv, z) = 0,
Wipl(t,0,z) = k(z) i IR{sin(&’ +tv—0)p(t, 0, v, 2)dd dv.

Then, it is easy to see from (2.4) and [1, p(t,0,v, 2)df = 0 that
U(t,z) =pi1(t,t,z) and po(t,7,2) =0.

Multiplying both sides of (3.1) by e¥*™ and replacing sin(6’ + tv — 6) by e *=f then
doing integration, one gets

- kk(z) [—— . .
Ok (t, T, 2) + 2( ) [U(t, 2)(G(T + )0k, —1 + eDp1(t, T + 1, 2))
(3.2) —U(t, 2)(g(T — t)0k,1 + epp—1(t, T — ¢, z))] =0, (k,7,2) €EZxRxQ, t>0,

— F(0),(r,2)

Bi(0,7.2) = ((0)g)y (7, 2) = T2E22,
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where dj, ; is the Kronecker delta function. (See formula (4.2) in [18] for detailed derivation
of (3.2)).
Let k =1 and 7 = t, we can get a desired equation for U:

U(t,z) — K(;) /tﬁ(t —5)U(s,2)ds = F(t,z), VteRT,
(3.3) 0 k(s ;
Ft,2) = p1(0,4, 2) — 2( ) /0 Ba(s,t + 5, 2)0(s, )ds.

If we regard the term F(¢, z) as an autonomous input signal, equation (3.3) appears to be a
Volterra equation of the second kind, and one can apply Proposition 2.1 on it if § satisfies
the conditions in Theorem 2.1, which is the main method [18] used to prove Theorem 2.1.

Remark 3.1. It follows from Corollary 4.2 in [18] that, if g and k satisfy the conditions of
Theorem 2.1, then §g(T) satisfies the condition of Proposition 2.1.

3.2. Proof of Theorem 2.2. In this subsection, we first present a key ingredient without
proof and then by using this ingredient, we provide a proof of Theorem 2.2. First, we apply
a differential operator 07" to both sides of equations (3.1) and (3.3) to get

007 p(1.0.0.2) + D 0,00 Wpl (8.0 + 10, 2)
(34) +ey <T> (0002p(t, 0,0, 2)0" W p](2, 0 + tv, 2)
7=0

+ (‘Ep(t, 0,v, z)ﬁgﬁffjW[p} (t,0 + tv, z)] =0,

and
m m—m/ t
oru(t,z)— 3 <m>52<) [ ate = s s, 2yis = a2,
0

m!
m/=0

(3.5) a;nF(t? Z) = 8;%3\1(07757 z)

2 (m\ o k(z) [ N P—
e X (M) S () ottt + s, T 2.
m/=0 j=0

As in [18], given n € N, a solution 97"p of equation (3.4) and 7" > 0, we consider the
quantity QS@ (p) for 0 < m < M:

fo? (p, 2)

(3.6) Mo (¢ n
—max | sup (140070t =), sup LZPEANE - om e )]s b
t€]0,7] t€[0,T] I+t t€[0,T]

Next, we provide a key ingredient for the proof of Theorem 2.2.

Proposition 3.1. Let n > 4 and M > 1 be positive integers, and suppose that k = K(z)
and g = g(v) satisfy the following conditions (2.11). Then there exists Q* > 0, and for
every Q = Q*, there exists ec,g such that for every ¢ € (0,ecq), if p = p(t,0,v,2) is a
solution to (3.1) with initial datum p'™(2) satisfying

Ha;npm(z)HHn <1 forall0<m< M,
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and for every T > 0,
QU(p) < Q. for all 0 < m < M,

Then, we have

QR (p) < %

Proof. Since the proof is quite lengthy, we complete it in the following two subsections for
the cases of M =1 and M > 1 respectively. ]

forall0 <m < M.

Proof of Theorem 2.2: In the sequel, we provide a proof of our first main result using
Proposition 3.1. First note that initial condition

109" ()| = 102" (u™(2)) - gllzn < 1,
Then, by (2.5) and (3.1) we can estimate

10:°U(0,2)] < /T . 029" (2)e™ " dfdy < || (0) 87D ()|l 2yl (0) 7 || 2 (rum) < TV2.
X

This implies
QY (p) < max{|o"U(0,2)],1} < 7v2, for all 0 < m < M,

where the second inequality follows from Cauchy-Schwarz inequality. Let Q > max{Q*, 7v/2}
and for any ¢ € (0,ec,g) and z € , by the standard existence theorem 97'p(t,0,v, z) is

continuous as a function of t — C™(T! x R). Then QST}) (p) is continuous in 7. By the
initial condition QS?ZJ)) (p) < Q, we use Proposition 3.1 to get

A <?<q

As a result, we can conclude for all T' > 0,

m Q
ngﬂz (p) < bR
If not, we can define

(3.7) T* = sup{Q,2(p) < Q}.
7>0

If T* < oo, then by continuity, we have anT)* (p) < Q. Thus, it follows from Proposition
3.1 that
Q

QU <% <Q

Then again by continuity, there must exists a T** > T* such that lemT)**(p) < @, which

contradicts to definition of 7% in (3.7). This implies that for any p™(,v,2) and g(v)
satisfying

107 (0" (2) - gW)) | m = [|07p™ ()|l < & for all 0 <m < M,
we have

(14 t)"|OMR(t, 2)| = (1 + £)"|0™U (¢, 2)| < £Q for all t > 0 and 0 < m < M.
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Remark 3.2. We can see in this proposition, Q* is uniform. In the following proof, we like
to choose different QQ, and it turns out that if we can prove that proposition is true for M,
then Qpr,en can be used to make some conditions and conclusion automatically satisfied
for m < M in the case of M + 1, we only need to estimate M + 1 term by induction.

3.3. Proof of Proposition 3.1 for M = 1. In this subsection, we provide a proof of
Proposition 3.1 with M = 1 following the presentation of Proposition 5.1 in [18] which
corresponds to the case M = m = 0. We use a similar method to prove that assertion in
Proposition 3.1 holds for M = 1, and then by induction we can prove it for all M > 0. In
the remaining part of this subsection, the constant C' denotes the constant from Theorem
2.2. Now, we estimate supco 7)(1 +¢)"[0.U(t)| via several technical lemmas.

Lemma 3.1. Let n > 4 be a positive integer, and suppose that k = k(z) and g = g(v)
satisfy conditions (2.11) with M = 1. Then, there exists Q* > 0, and for every Q > Q¥,
there exists €10, such that for every e € (0,e1,0,0), if p = p(t,0,v, 2) is a solution to (3.1)
with initial datum p™(z) satisfying

”agbpm(Z)HHn <1 forall0<m<1,

and for every T > 0,

(3.8) QU(p) <Q, forall0 <m< 1.

Then, we have

(3.9) sup (1+ "m0 )| < L forall0 <m < 1.
te[0,T 2

Proof. To estimate |U(t,z)|, we first deal with the deterministic case and relate ||p(s)|| g

to 79 |px(s, 7)|. By definition of D (s, 7), we can see that 79y (s, 7) = (—i)?@p,(s, T), which
is defined by

—

Apr(s,7) = / Ap(s,0,0)e "B a0dy, Yk, T) € Z % R.
TIxR
We use definition of H"-norm and the Cauchy-Schwarz inequality to see

/ 107 pe— i+ | dgdy < / ()~ ()0 p|dOdy
T1xR TixR

1/2 ' 1/2
< < / <u>_2d«9du> ( / y<u>a;p12d9du) < V2r|lpl s
T1xR T xR

Therefore, we can easily get the following estimate: for all K € Z and s,7 € RT,

(D (s, )| < V2|lp(s)l| s sup (1 + 7)™ Di (s, 7)] < 2"V27[p(s)| |-
TER

For the uncertain case, similarly, we have
Tj|8zﬁk(57 T, Z)‘ < \/iw"azp(& Z)HH-fa

sup (1 +7)"|0.Pk(s, 7, 2)] < 2"V27]|0.p(s, 2)|| s
TERT

(3.10)
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It follows from Proposition 5.1 [18] that we can find Qo, e such that for every e € (0,¢0)
and every initial condition p"(z) satisfying |[p"*(2)||g~» < 1, we have

Qo

(3.11) Quirlp) < 5.

Now we will see how to choose )1 and €1 to obtain the result. Suppose that @) and e satisfy
the condition:

Q>Qu e<e and QU(p) < Q.

Consider equation (3.5) with m = 1:

2.U(t,z) — fi(;) /Ot gt = 5)0.U(s,z)ds = Fi(t, z) + Fa(t, 2),
B (t, Z) = 0.p1 (07 tvtz)
(3.12) _en(z) /0 (82152(5,15 +5,2)U(s, 2) + pa(s, t + S,Z)azU(S,Z))dsa

5 2
0:k(2) 0:k(z)

t t
/ gt —s)U(s,z)ds — e / Da(s,t+s,2)U(s, z)ds.
2 Jo 2 Jo

Fg(t, Z) =

By Proposition 2.1 and Remark 3.1, we have

(3.13) sup (1+t)"0,U(t,2)| < Dp,c sup (1+1¢t)"
te[0,T] t€[0,T]

Fl(taz) +F2(t,2’) )

where D, ¢ is a constant depending on n,C from Theorem 2.2. Next, we estimate the
R.H.S. of (3.13).

o (First term of R.H.S. of (3.13)): To deal with the term involving |Fi(t, z)|, we use (3.12)
to consider the two terms separately:

(3.14) (14670502, 2)] < 2°V2r]| 0.5 (=) | 1n < 2"V2r.
By conditions of Lemma 3.1 and (3.11), we have

t t -~
n —~ N QO n |62p2(s7t S”Z)‘
U < == +
(1 t) /0 |8zp2(55t sz) (S7Z)|d5 = 9 (1 t) /0 (1 + S)TL

2"v/27Qqg w [f 0 110:p(s, 2)|lmn C'QQ [* 1
B15) <5+ /0 Tt tts)tsr ™S 2 /0 T+ s 1%
_ Q@

S 2(n—2)’

where the second inequality is due to (3.10) and first and third equalities are due to definition
of Qo and (3.8)). Similar estimate can be applied to obtain

C" Q@

(3.16) (1+ t)"/o |pa(s,t + s,2)0,U(s, 2)|ds < 3n—2)



A LOCAL SENSITIVITY ANALYSIS IN LANDAU DAMPING 15

e (Second term of R.H.S. of (3.13)): To estimate the term involving |Fi(¢, z)| in (3.12), we
use almost the same method as in (3.15) and (3.16) to get

t [ee)
16t = (s, 2)ds < Qo [T 10 +9"05)lds < Qo
0 0
(3.17) t o
A o
/0 ID2(s,t+s,2)U(s, z)|ds < 3n—2)

Finally, we combine all estimates (3.14), (3.15), (3.16), (3.17) and use (3.13)
|07'k(2)| < C for0<m<1

to obtain

2
(3.18) sup (14 t)"0,U(t,z)| < %0(271\/577—%6% +Q0>,
te[0,7) ’ (n—2)

where D), - is a constant depending on n, C' from Theorem 2.2 and (3.13). Therefore, it is
obvious that one can first make @) larger such that

2Qv0
sup (1+)"0,U(t,z)| < D), o€ ,
S (110U 2] < Dhe (2%

and then choose € enough small to make it less than %

Define
Q1 :=max{Qo,Q} and &1, :=min{ep, e},
with @ and ¢ satisfying the above condition. Then we can get that for every &’ € (0,e1,¢,0)
and every initial condition p™(z) satisfying
10 p™ (2)|[m < 1 for m = 0,1,

one has
Qo 1
<20 =
This implies the condition (3.8) and the further estimation (3.9) for m = 0 are automatically
satisfied. By the above estimate, if we further have Qf}%(p) < @1, we can get

sup (1+1)"0.U(t,z)| < Q—

te[0,T] 2
]

Remark 3.3. By looking carefully into Lemma 3.1 and its proof, one sees that there is
no need to pick two different Qo, Q1, but it is more convenient and clear to make them
different. Actually, it’s not hard to see that the different case is equivalent to the identical
case, that’s why in Proposition 3.1, we have only one Q*.
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Lemma 3.2. Given | > 1, there exists a constant C] > 0 such that for all t > 0

Ao-plla _ or 5~ 5= () (™) -
SR <o 3 () vt 2)lor k()

m=0m’=0
(3.19) l

% (1 0 lgll B+ 102 pl 0) + 21+ 1) D #7102l 1) .
j=1

Proof. Since the proof is similar to that of Lemma 5.3 in [18], we omit some details here.
By definition of || - || 71, we need to control

(3.20) %H@)agea’;vazpy@? i / )@ 0.p) (0 ol 0.p)doi
TIxR

Now, we apply 859851’ for equation (3.4) with m = 1. Then, we need to consider three
terms:

M&g@iW[p] (t,0 + tv, z)) )

™

1
(3.21) > <1) 0y 0 (91p(6, v, 2)0p0L W [pI(t, 0 + tv, 2))),
)6"““98’“" (0pDp(t, 0, v, 2)0LTWp|(t, 6 + tv, 2)).

We use definition of W p|(¢,6, z) (3.1) to find
(3.22)
aﬂ'eaﬂ'vaJW[ I(,0 + tv, 2)

J— 3
= Z < )_18 R ((_i)je+jue*i(9+tl/)ag[](t7 z) — (i)7o i O+ i (¢, Z)) _
J

o (Estimate of the first term in (3.21)): We substitute this into the first term with 9, on
W to obtain
Ty = / (V>28’,f”(M(?go“@zW[p](t,H—i—tu,z))@’lf”(?g"(‘)zpdedy
T! xR m

ky

- iélxR<u>2aﬁvageazp( 3 ( NZ —i0;~

Jv=0

2t

x ((—i)keﬂv O+ U (L, 2) — (1)Fo+iv el O+ i (2, z))]a’;v*ﬁg)dedy.
We use

[((iyfortive= ORI (1, 2) — (ot O+ (1, 2) ) | < 210801, ),
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and Cauchy Schwarz inequality to estimate

= 1Y R(2)] ko o S D ot e
Zul < 0" U @ )| )00k 0apllee D ()P0 gl
(3.23) = o M

1
SO+ )" Y101 k(2)] - 102U (8, 2)] - gl e - 110Dl
=0

o (Estimate of the second and third terms in (3.21)): Then, we use a similar argument as
in the first term and proof of Lemma 5.3 in [18] to obtain the upper bound estimate of the
second and third terms:

(3.24)

1
1Z12| = / v)? Z < >ak98k” Mp(8, v, 2)0p0LTW [p](t, 0 + tv, z)) 85”8598zpd0d1/
TIxR
7=0

Cl\|3zP|HlZZ(>< Mje2vte, )l 7'x(o)

JOJ’O

‘ .
(102l + 3 v,
k=1

and
(3.25)

1
713 = / 22( >8k98’“" (B62p(8, v, 2)DLTW p](t, 6 + tv, )9k O5° 9, pdfdy
TIxR =0

[
C’WzPHWZZ()( )\antzmal S ()] S #1102l .
k=1

Jj=05'=0
Finally, combining estimates (3.23), (3.24), (3.25) and the relation
d||azp||%ﬁ d||8ZpHHl
_WEEHD 9119 b2 017 £
give the desired estimate. ]

Remark 3.4. In this proof, many formulas have Y that we did not expand, and this kind
of formula is very similar for m > 0.

Now, with the above lemma, we can give an estimate for the last two terms in Q;mT) (p)
and finish the proof of Proposition 3.1 for the case M = 1.

Lemma 3.3. Let n > 4 be a positive integer, and suppose that k = k(z) and g = g(v)
satisfy the conditions (2.11) with M = 1. Then, there exists Q* > 0, and for every Q > Q¥,
there exists €1,c,q such that for every e € (0,e1,0,0), if p = p(t,0,v, 2) is a solution to (3.1)
with initial datum p™(2) satisfying

Haglpm(z)HHn <1 forall0<m<1,
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and for every T > 0,

QSTLT)(Z?) <Q, forall0<m<1,
then

(3.26) sup N0"p(t, 2)llam < Q, sup ||07'p(t, 2)|| gn—2 < Q, for all 0 <m < 1.
t€[0,7] 141 2 e 2

Proof. As in the proof of Lemma 3.1, we use the similar argument in Proposition 5.1 [18],
to find Qo, €0 such that for every e € (0,e¢) and every initial condition p*"(z) satisfying
[lp"™(2)||gn < 1, we have

(3.27) Qnr(p) < %
This implies
t n
sup M < @ and sup Hp(t’ Z)HH"*2 < @
tejo,7] 1+t 2 t€[0,7] 2

Now, we discuss how to choose ()1 and €1 to obtain the result. If () and e satisfy the
conditions

(3.28) Q>Qy ec<e and lelgp(p) <Q,
we use (3.19) with | = n to get

dt

1
[2;( )il 2)

(3.29) X (L "l + ellpllo) + =0+ > ¢ [pll ) |

J=1
n

+ C'(2) [ (1 )11+ 7 (el10:l 0) + 21+ 1) 32 " 10pl L ) |

=1
=:To1 + Lgo.

Below, we estimate the terms Zy; separately.

e (Estimate of Z51): By direct estimate, we have

1

(1) g . LT
Tl <0 @03 ()0 utaowe ) Holl +<lllln + 3 2
=0 =1

<" (2o +gQgQ+2§90 + Qo) (Ilgll +tn+1)Q0).

where the second inequality is by (2.11), (3.18), (3.27) and (3.28).
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o (Estimate of Zy2): Similarly, we have

n HaszHJ
. Tl <O | (L4710 2) euaszHweZ A

" az "
< C QO <5(n_ 1)Q+2€(|1’_’_pt|)’nH_2) )

where we used ||0.p||gn-1 < ||0:p||g» and (2.11), (3.18), (3.27), (3.28).

19:pll

i as follows.

Therefore, we can get the estimate for

|10:p|| Er ’ / " /t |10.pl| rn
—— < 1, A B 2 d
T+t max{ +eB'Q}+ 20" AT+ 52 s

< maX{l,A/ + eBlQ}GQC”/5/(n—3)7
where A’, B’ and C" depend on g, Qq,n,C.

As before, one can choose @) large enough, and then choose € small enough to get

10-plln _ @
1+t 2
Now, we consider the case [ = n — 2 with s similar procedure to get

2
Wbl ¢ o1 (e + L9 DB 4 Q4 (gl + et~ @)

dt (n—2) (1+1)2
(3.31) +C'Qo (e(n - 1)Q) i i BE
" " ]'
< (A" +¢€B Q)m7

where A”, B” depend on g, Qo,n,C. Next, we integrate (3.31) to obtain
10:plsrn-2 < 1+ A" +2B"Q.

Then, as before, we choose @ large enough and then choose € enough to obtain

10l s <
For @, ¢ satisfying the above conditions, we define
Q1 :=max{Qo,Q} and €10 :=min{eg, €}.
Then we can get for every ¢’ € (0,¢1,¢,¢) and every initial condition p™(z) satisfying
107p(0, 2l <1 for m =0.1,
we have
Qo 1

Qn,r(p) < S5 <5

This implies (3.26) for m = 0 is satisfied automatically. On the other hand, if we have
Q(l) (p) < Q1, we have
@1

||azp(t)||H" Ql
_ < A Sup 8Zp t SN g Q 2 g =l
tepo,r] 1+t 27 o] 10 (0) ] 1 / 5
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n

3.4. Proof of Proposition 3.1 for M > 1. In the previous subsection, we have provided
a proof of Proposition 3.1 for M = 1 which corresponds to the initial step in a mathematical
induction.

Suppose that the results for Proposition 3.1 hold for M = N — 1 > 0, and we need to
prove the proposition holds for M = N. We use the same argument as before, and most of
details in the proof are similar, because we can exchange 9, with 9;°97" or integral.

Lemma 3.4. Let n > 4 be a positive integer, and suppose that k = k(z) and g = g(v)
satisfy conditions (2.11) with M = 1. Then, there exists Q* > 0, and for every Q > Q¥,
there exists €1,c,q such that for every e € (0,e1,0,0), if p = p(t,0,v, 2) is a solution to (3.1)
with initial datum p'™(2) satisfying
107 ™ (2)||gn <1 for all 0 < m < M,
and for every T > 0,
Qgr;z(p) <Q, foral0<m< M.

Then, we have

| QO

sup (1+1)"|07U(t,2)| <
te€[0,7

for all0 <m < M.

Proof. Recall that we need to show

sup (14 6)"oMU(t, 2)| < Q/2.
te[0,T

From the assumption, we can find Qpr_1, EM-1 such that for every € € (0,e5/—1) and every
initial condition p"*(z) that satisfies ||07'p""(2)||g» < 1 for all 0 < m < M — 1, we have

nr(p) < Qﬂg_l forall0 <m < M — 1.

Now we will see how to choose Qs and ej; to obtain the result. Suppose that @ and ¢
satisfy the condition

Q>Qu1, e<ey and QP (p) <Q.

Next, we consider equation (3.3) for m = M:

(8§‘4U(t, z) — FJ(;) /Ot Gt — s)0MU (s, z)ds = Fy(t,z) + Fy(t.2),

ek(z) MM\ [t _
Fi(t,z) = 0Mpy(0,t) — Z j ) / I pa(s,t + 8)0M U (s, 2)ds,
0
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Then, it follows from Proposition 2.1 and Remark 3.1 that

(3.32) sup (1+8)"|0MU(t,2)| < Cox sup (1+8)"|Fi(t, 2) + Fa(t, 2)| .
te[0,T] t€[0,T]

We follow a similar procedure as in Lemma 3.1 with the estimation on the terms in the
right hand side of (3.32).

e (Estimate on the first term): For the estimate of (1 + ¢)"|Fi(t, z)|, we get
(L + )"0 51(0,6)] < 272192 p(0, 2) || < 2°7V/2,
‘(1 +1)" / I pa(s,t + 5)0M U (s, z)ds

QM 1 |8§p25t+s 2)|
(3.33) (L+1)" o)

_ o'QMfl(Ht)n [ ||azp<s,z>||m

2 L+t+s)n(1+s)n
C/Q%\/[ [ ds CHQ?\/[ 1
< = = “1 for0<j< M.
2 /0 I+sn1  2m-2)° OIS
Similarly, for j =0 and j = M
t . . Cl _
(3.34) ‘(1 + t)”/ I pa(s,t + 5)0M U (s, 2)ds| < M
0 2(n—2)

e (Estimate on the second term): For the estimate of (14¢)™|F»(t)|, we use a similar method
n (3.17), (3.33) and (3.34) to see

//
(3.35) (14" Fa(t)| < e 2(QM )1 +C" Q1.
In (3.32), we combine all estimates (3.33), (3.34) and (3.35) to obtain
(3.36) sup (14103 U (1 2)| < " [Qurot +2"7v2 + 5 (Qu1Q + QR ) .
te[0,7

where C"" depends on n, g, C. Therefore, we can first make @) larger such that

sup (1+1)"|0MU(t,2)| < eC”"Qu-1Q,
t€[0,7]

and then make £ < ¢ . Then, the same argument gives the desired estimate. O

Lemma 3.5. Given | > 1, there exists a constant C] > 0 such that for all t > 0

A0l C’[Z 3 < ><Z)]8§""U(t)\|3?m'n(z)|

m=0m’/=0

(3.37) l

$ (0 (Il orrm + 2|02~ pll o) + (1 + ) Y- 7|02 "l 1) .
j=1

Proof. This proof is exactly the same as in the proof of Lemma 3.2, because we can exchange
9, and 9,707 or integral. Therefore, we omit its details. O
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Lemma 3.6. Let n > 4 be a positive integer, and suppose that k = k(z) and g = g(v)
satisfy the conditions (2.11) with M = 1. Then, there exists Q* > 0, and for every Q > Q¥,
there exists €1,c,q such that for every e € (0,e1,0,0), if p = p(t,0,v, 2) is a solution to (3.1)
with initial datum p'™(2) satisfying

107" (2)||lgn <1 for all 0 < m < M,
and for every T > 0,
ngmT)(p) <Q, forall0<m< M,
then

10 p(t, )| _ @
——————— <, sup [|07p(t, 2)||lgn—2 <
+€[0,7] I+t 2 e

Q
2 )

for all0 <m < M.

Proof. By induction hypothesis. we can find Qpr—1,n-1 such that for every € € (0,ep-1)
and every initial datum p'*(z) satisfying ||07'p""(2)||gn < 1 for all 0 < m < M — 1, we have

nr(p) < Qﬂg_l forall0 < m < M — 1.
This implies that for all 0 <m < M — 1,
Qum-1

8mpt Hn QM,
10O QU Jorp(0) ne < D
t€[0,T] +1 t€[0,T]

Next, we discuss how to choose Qs and )7 to obtain the desired result. Suppose that @
and ¢ satisfy the conditions:
M
Q=>2Qn-1, e€<ey-1 and QL,T)(]O) <Q.
We use (3.37) with [ = n to obtain

d)|0 pl|
dt

o[> 3 (M) (v yarscoy

m=0m’=0

n
| (L) (gl zrnOntm + el |02 pl| o) +e(L+1) Y "2 pl s }
j=1

n

<0 S U@ | 40" lgllandmo + |07 Dl o) + (1 +£) S 707l s

m4+m/<M j=1
<C"(Qu-1(e(n+1)Qp—1 + 1) + (A+eBQ) (||gl|an +e(n + 1)Qrr—1))

+ Q- (2(n— 1)@+ 2 10l
(1+t)yn-2)’

where A, B are from (3.36) and the first term is for m,m’ < M, the second term is for
m/ = M, and the third term is for m = M.
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Therefore, we can get a final estimate for ”a%# as
||aéwp||H" ’ ’ " /t HaMpHHn
— — < 1,A B 2C z
1+t mextl, 4+ B} +207e o (L+1)(1+s)"2

< max{l, A/ + GB/Q}€QC/”5/(”—3)’
where A’, B’,C""" depend on g, Qar—1, M,n,C.

Again, we apply (3.19) with [ = n — 2 to get

dHaépranz
dt
<c’ Y [leru,z)
m~+m/<M
n—2 '
X (10" 2l mmo + ll O pll o) + 21+ 1) > " 727)|02pl s ) |
j=1
C//

< A+02 {(6(” —1DQum-1+1)Qm-1+ (A+eBQ) (|gllgn—2 +e(n — 1)Qn-1)

+e(n+1)Qu10),

where A, B is from (3.36) and the first term is for m,m’ < M, the second term is for
m' = M, ans the third term is for m = M.

102 plln .

Therefore, we can get the final estimate for =7

10X p||gn—2 < 1+ A" +eB"Q,

where A”, B” depend on ¢, Qp;_1, M,n,C. As before, we choose @ large enough, and then
choose € small enough to get

1027l g2 <

]

O

3.5. Proof of Corollary 2.2. Suppose that p'*, g and x satisfy conditions (2.11) of The-
orem 2.2, and let p(t, z) be a solution to (3.1) with initial datum p"*(z). Then, it suffices
to show sup, ||07'p(t)|| gn-2 < oo and

P+ [ X (’;‘) (3002p(t.0.0. )07 Wpl(1.0 + 1. 2)
R+ N
7=0

+ ng(ﬁ, v, z)Ogazn_jW[p] (t,0 + tv, z)) + QQ(V)OQGZLW[p](t, 0+ tv, z)} dt

™
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is well-defined in H"~2. This is equivalent to show that the following three terms

Tu(r) = [~ 520002 Wl (1.0 + 2,

I3o(T) := Z <Tjn> Ip(t,0,v,2)0p0™ W p|(t, 0 + tv, z)dt,
T =

T33(T) = / > (T)aea;‘p@,e, v, 2)00 W pl(t,0 + tv, p, z)dt
T "2,

converge to zero in H" 2, as T — oc.

e (Zero convergence of Z31(T)): We use ||g||gn—2 < [|g|lan < o0, (3.22), Proposition 3.1
and n > 4 to see

T2 (T) | gz < C' / SO 107 k(2)] 09U (¢, 2)|l ]| o2t
(3.38) T =0

1 o0
1
<CQ/ —dt  —0, asT — o0,
2 T (1 + t)
where C’,C"” depend on g, m,C.

e (Zero convergence of Z3o(T) and Z32(T')): Note that Proposition 4.1 yields

: Q ||&pllan  Q
Ip||gn—2 < =, I < 2

This and n > 4 yield

co M Mm—j

| Z32(T)| | -2 < C' . o> 0Dl 210 k()0 U, 2)dt

§=0 /=0
11 )2 00 1
gCQ/ —dt  —0, asT — oo,
3.39) 2 Jo (110
0o M m—j
|1 Z33(T)| g2 < C’/ D0 N0l e 0L K ()OI U, 2)|dt
T j=o0j=0
1" MH2 [e’¢) 1
<CQ/ dt —0, asT — oo,
2 Jr Q1+t

where C’, C” depend on m, C. Finally, we collect all estimates (3.38) and (3.39) to complete

the proof.
O

4. A LOCAL SENSITIVITY ANALYSIS IN AN ANALYTIC FRAMEWORK

In this section, we provide the proof of Theorem 2.4 on the local sensitivity for Landau
damping in the analytic framework.
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4.1. Transformation of the equation. First, we introduce a Lagrangian density along
the free path:

h(t,0,v,z) = f(t,0 +tv,v,2)g(v) = “(72(;) +p(t, 0+ tr,v)g(v).

By this definiton, because of gi(7) = 0 for any k, 7, we have
(4.1) 1A (2,0, v, 2)[xp = [lp(t, 0 + tv,v)g(v)[[xp
for all A > 0,p > 0. Then, it is easy to see that h satisfies

Oul(t,0,v,2) + Dy ((t, 0, v, 2)VIR)(8,0 + tw,2) ) = 0,
(4.2) h(t,0,v,z) >0, / h(t,0,v,2)d0 = g(v),
T
VIh](t,0,2) := K(2) [p,psin(@ +tv — 0)h(t, 0, v, z)d0 dv,

and the complex order parameter can be represented by:
R(t, z) :/ O In(t,0, v, 2)d0dv.
TxR

Therefore, with this h, the condition in (2.14) and (4.1) could give us |[07*h||y,» < oo for
all 0 < m < M, and it suffices to prove for all 0 < m < M

(@) [[102"h(t,0,v,2)[[la < C and  [[|07" Rl < C.

(17) \BmR( )] = 0 exponentially fast. B

(#44) 3 hoo(0, v, 2) such that [|0 heol]5 ., < 00, for some A > 0 such that
07'h(t,0,v,z) = 0, hoo (0, v, z) exponentially fast.

For M = 0, this has been proven by Theorem 2.3.

As before, we perform the Fourier transform on both sides of (4.2); to get
(4.3) T (t,7,2) = hm (1,2) + kk(z Z / —qs, z)ds,
ge+£l
where we have
Ti(t,2) = R(t,z), T_1(t,z) =R(t,z) and R(t z) = hi(t,t,2).
Therefore, we set kK = 1,7 =t to see
(4.4) [y(t,z) = hm (t,2) + kr(z Z / h1 —q(s,t —gs, z)ds.
ge£l
Then, we define an operator L; acting on a function u = u(t, 0, v, z) such that
Ltu(t k,1,2) =k Z gt 2)up—q(t, 7 — qt, 2).
qeil
This yields
8th = /iLth
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Next, we apply 07" on both sides of equations (4.3) and (4.4):
Am 7 ﬂ LA m m’ q om—m/
8z hk(t7T7z):azh k(Taz)—i_k Z Z(m’)(]) Z 5 z H(Z)
(4.5) m/=0 j=0 qe+1
/ 0] F (s,2) jhk q(8, 7 —qs, z)ds,

and

where
(4.7) / OTh(t,0,v,2)dd =0,VveR, 2€Q, t>0, form=1,---, M.
T
4.2. A priori estimates. By definition of (9]'R)x,(, 2) in (2.12), it suffices to show that

(07'R)xp(t, 2) is bounded for some X, p and all ¢. As in [6], we have a similar estimate for
(07" R)Ap(t, z). In the sequel, the constant C' is from Theorem 2.4.

Proposition 4.1. For A\,p,m > 0 and z € ), we have

(07" R)ap(t, 2) < [107A™ (2)]Inp + €7 ZZW" (10T (2) |
=075=0
x/t(aﬂR) (s )( L, ! >d
)|l =+ | ds
(4.8) o 2 M (s " (t—s)p
S e o [ 197 (s, )1
! m—m Y P
e W;O;Oyaz 5(2)] /0 @R (o2

R0, v, 2) = p"(0,v,2) - g(v).
Proof. We multiply e* ()P on both sides of (4.6) to get
GRS

/

= NPT (7,2) + NP S i( )( ) 2.5 300

(4.9) m/=0 j=0

t
x/ agf‘q(s,z)agll_]hk_q(sw— qs, z)ds
0
=:Ty1 + Lyo.

Below, we estimate the terms Z4;, i = 1,2 on the right hand sides of (4.9) as follows.

o (Estimate on Zy1): By direct estimate, one has

(4.10) [N P I (£, 2)] < MO (1 4710 (2, 2)| < (|07 B (2)] -
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o (Estimate on Zy2): We consider the case of ¢ = 1 and use (4.7) to obtain

o — —

Q?I_jhl_q(s, t—qs,z)= a;”"jho(s, t—s,2)= (%nl_jho((), t—s,2).
Therefore, for each m’ and j, Z45 can be bounded by
t . //\
M (1) / 09T (s, 2)07 I ho (st — 5, 2)|ds
0

—

t —
<y [ o (s )0 Tho(0,t 5. 2)lds
0

(4.11) < (|07 TR (2)] 5 pe ()P / e Mt — 5) 7P| (s, 2)|ds
0
;o t (t)p
m’'—jin J A(t—s—(t—s))

<102 IR [ ORI 2) e ds

< C'||or I pin "OiR ! L )a

< |07 (2)[ap ; (OLR)xp(s, 2) W+W 8,
where the last inequality is due to the following relations:

(t—s)=({t—s) and (H? < C{s)? + (t — s)P).
For the case of ¢ = —1, we use a similar method to get that for each j. The term can be
bounded by

M P|HIT_1 (s, 2)00" T ho(s,t + s, 2)|ds

< / t(aJR) (5,2)]|07 7 h(s, 2)]| B B U

(4.12) S Jo ETARE I A (s)P(t + )P

b 102 h(s, 2)]
/ )
S O

In (4.9), by combining estimates (4.10), (4.11) and (4.12), one can get the desired estimate.
O

Avp dS

Next, we provide a proposition to be used in the estimation of ||0*h||) p-

Proposition 4.2. Given I'y1(t, z), for A\,p,m > 0, we have the following assertions:
02" Leh(t, 2)|[ap

4.13 m . » 4 _
W13 ST (@R ot Ot 2)lIapir + @ R)xp (0, 2|07 R(E, 2)l 1]
=0
and
1
(4.14) Lfap+1 < m”ﬂ’/\’,p?

for all f € Xy, and N > X

Proof. The second part and case m = 0 in (i) follow from Proposition 2 [6]. On the other
hand, we use a similar method to prove the first part. First, it follows from (4.1) that

O Leh(t k,7,2) = kY (m) 3 gagrq(t, 2O T hy_g(t, T — gt 2).

7=0 gex1
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For each j, we set

Ty i= M0 () 37 2000 (4, )08 by (7 — at, 2).
fi 9Yzta q

qge=£1l
Then, we have
R(t, 2)||k e
@is) gl < BRI 5 inip e [T tr -t )|
qe+£l

On the other hand, recall some inequalities on (k, 7):

(k,7) <(k—q,7—qt)y + (g, qt), {g,qt) <C'+t, |q| =1,
(k,7)P < C'((k—q,7 — qt)y? + (t)P), |q| = 1.

Now, we further estimate the term |7;| as follows.

—

75| < C'eMOIR(E, 2)] Y M |k — g, 7 — qt)? |07 T hi_g(t. T — gt 2)

(4.16) aeH -
+C'MAIR(E, 2)| Y MR (PO g (7 — qt, 2)| .
qe£l

Since |k| < 2(k — ¢, 7 — qt), |q| = 1, we can obtain
(4.17) T3] < C" [(LR) A0 (D107 h(t)[xps1 + (D2R)x ()]0 A(E)|x1] -

Finally, adding all |7;| in (4.15), (4.16) and (4.17) yields the desired estimate. O

From the above proposition, we can see that the operator L; maps function in &) ), to a
different space X p41, i.e., they are not the same space. This is why paper [6] introduces
the nrom ||| - |||o. Next, we provide an estimate for the control of |||07h|||,. We fix

2\
v>3, AM>A>0 and 22 >a>0.
™

Then, we define the corresponding (5, (¢, A) and norm ||| - |||, and |||| - |||]a-

Proposition 4.3. For given T'+y(t) with |||02R]||la < oo for all j < m and m > 0, let
h = h(t,0,v,z) be a solution to (4.3) and (4.5). Then, we have

1107 Allla < C|O7 B |30y + C" Y > 107 k()| [[[102 RI]a 102 B ||a-
m/=0 j=0

Proof. For the desired estimate, we need to use (4.5) and the estimate (4.13) in Proposition
4.2. First, we consider [|07'h(t)||x1 using (4.13) in the case of p = 1. We use v > 3 to
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obtain
|07 h(t, 2)[[x1

< O™ (2)]Iag + O Y 10T k()

m'=0

(4.18) /Z 8J AO(S Z)||8m jh(s Z)HA2+(8]R))\1(3 z)Ham ]h(s Z)Hkl}

S CNOTR"™ (2)lag +C" Y 107 k(=)

m'=0

to 1187 hs, )y 1
X/O ;(82R)A,’Y(S7Z) <<8>7_1 <S> A + <S>7_1H82 ]h(S,Z) A, > ds.

Then, multiplying 3 %(t, A) on both sides of (4.18) gives
1 m m 7 in
B2 (t, M0 h(t, z)|Ia1 < C'Hf9 R (2)] I

AR L1 Ba(tN)
C g’ S R|||al10™ 7 h||a - ds,
+ 320’ A r§ 1162R]||a]] Il / e

where we used the inequality:

L1 BE(t,\) ™
S ds < =.
/(5>265(s,>\) S

Next, we need to estimate ||0)"h(t)||x, using (4.13) in the case of p = . We also use (4.14)
for any X (s) > A with A\g — X' (s) — aarctan(s) > 0 to get

102 (t, 2)][x

m
<O (2) g +C" Y 10T R (2))

m’=0

(4.19) / Z 6]R )n0(8, 2107 (s, 2)||xne1 + (DIR) (s, 2)]|00 I h(s, z)||,\1]

< ORI (2) [ag + C Y |0m ™ k()

m/=0

Lo 1 O?I_jh S,z o
x/o Z(@gR),\ﬁ(s,z)QSwH x(s)(_A)HM“L”az Ih(s, 2)l|ns ) ds
j=0
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We divide (4.19) by (t) and multiply the resulting relation by 3'/2(t, \) to obtain

B2 (t,N)

o 102" (t, 2)|[ay < C'107 R (2)] [0

m/

+C Y108 w(2)] D ORIl 102 hll|a(Zs1 + Zsz),
I— §=0

where

S BY2(t,\) / ds
T 5P N (s) - A)
BN [* ds
152 = .
() Jo BY2(s,0)
Following Proposition 3 in [6], one can choose X' (s) properly to make |Zs1],|Zs2| less than a
constant. Finally, for the very first term, we use A\g > A to derive

102 R (2)][an < 10 R (2)] [ 1

Proposition 4.4. Let h be a function such that
102h]|la < 00 for all § < m, and m > 0.
If T4 (t, z) solves (4.4) and (4.6), it satisfies

1102 Rl|lla < C1102 ™ [xg +C" Y 107 k()]

m’'=0
/

<> (107 hO)ag A 11102 Rl + 1102 Bllal 1102 R]|]]a)-
7=0

Proof. For our desired estimate, one only needs to use (4.8) for p = v and A9 > A. The first
two terms in (4.8) yield

m/

CN|OTh™(2) | agry + € > 10w (2) Y110 T R(0, 2) | rg 1102 |a-
m'=0 §=0

We use the last term and fo ds < %)\(1)/2 due to Proposition 4 [6] to find

2,81/2(t )\)

"> 10 k()] Y 102 7 R|al 1 |O2RI -
m'=0 7=0

0

4.3. Proof of Theorem 2.4. In this subsection, we provide a proof for our second main
result. For this, we use Propositions 4.3 and 4.4.

e Case A (M = 1): Suppose that for each z € Q, let h(t,0,v,2),T+1(t, 2),0.h(t,0,v, 2),0,T11(t, 2)
be solutions to (4.3) and (4.4), respectively.
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For m = 1, we can apply Propositions 4.3 and 4.4 to obtain
1110:Rlllla < C'|0:R™|Ixo
+0'C Y (102 ™ o A 11102 Rl + 102 A1l [102 RI|]]a),
Jitj2<l
110:llla < C10:D" x5 +C'C Y 111102 RI|all|022R]la,
Jitj2<1
where C' is a bound for |9Lk(z)|. This implies
(1= CCIR" |03 + Rl ) 10:=R|lla

(4.20) . L -
< |0k I\Am+C’C|||!R||||a<zIHaithmLHlaéh |||/\0,7)7

=0
and
(421) (1= C'OllIRNNO:Allla < C110:0" 50,5 + C"CllIRIa([[]10: Rl[lla + [[[|R]]]]a)-
Substituting (4.21) into (4.20) gives
0/202
1= Ol Rl
< [0 (2)l 120y + CCIIRI]a
100" ()] Iror + CClIBalll BRIl S (1177

< |||R||]a + 2] + B2 agy ) -

(i TR, > Il (M)

Choosing C' sufficiently small such that

{1= O™ () 305, +1I10ll0) ~ RN l1Alla 2RI

) ' 202
1= CC (1" Elbary + ellle) = g IIRIalAll <1
then
18RIl
<cwamwMﬂ+acwmm4Hmm+cwwmmgﬁﬂmh“”“+§jomamnmm)
h 1= {1 = CK([h|xgy + [[17lla) — =cSetzam IRl alllAl o} '

Note that the bound is a constant, so is |||0;h|||q = |||07*(f(t,0 + tv, v, 2))|||a-

e Case B (M > 1): We basically use the method of induction on M. Suppose that the
desired results hold for M < N — 1. Next, we verify the desired estimate for M = N. As
before, for m = M, applying Propositions 4.3 and 4.4 gives

102 R[lla < C'[OM ™13
+C'C > (100 Rre
J1+je<M

1102 hllla < 102 B |Ingy +C'C Y G2 RIIallIOZAll-

Ji+je<M

1102 Rl[[la + 11102 hlllal 1102 Rl[[]a)
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Since
10207 (2)Ixg,y <00 for j <M and |[||02R][[la < o0, [|02A]]la < 00 for j < M,
by choosing C sufficiently small such that

0/202
1—C'Cl[||R[]a

1= C"C(IR™ (o + A1) = R[N all[P]]la < 1,

one has
02 R||]a; 11|02 h]||o < C”,

where C” is a constant.

We choose 0 < A\ < A2 < Ao — am/2 and use (4.13) for A = A\, p =~ to get

m

102 Leh(#)] [,y < €'Y~ [(OLR)x 00102 (1) |31 71+ (DLR)x, ()10 B8 [3,1] -
j=0

By definition of above elements and (4.14), one obtains

(D2R)r, 0(t, 2) < C'(DIR)ry0(t, 2)e1 220,

m/ —i 1 m/ —i
107" 7 R(t, 2)[[xy y+1 < 57— 1107 7 R(t, 2) [ a1y
Ay — A
m’—i 1 ! —i 1 m!—i
107 Ih(t, Dl < 0 bt 2w < 5 102 Tt A
Therefore, the following inequality holds:
’ C/ . i ] A1—A2)t
107 Lahlt, 2wy < 5o | S ORI IO Tl | €2
j=0

This implies

myin - m m—m’ m
o @l + 30 (1) o' s] [ lor Libte ), i
m’/=0

C/

|0 (2)|[x0,y + (A2 — A1)2

> o2 RllallloZhllla | < co.

Jjitjesm

Now, we set

O hoo(0,v,2) 1= 0T ™ + <Z,>|agl—m’m(z)| / O™ Lyh(t)dt.
Rt

m’=0

Then, it is well-defined in X}, 5 and [|07hool|y, 5 < 00 With

C//
JeA 9, h( )H)\lﬁ (Ao — )\1)26 )

which converges exponentially fast. This completes the proof.
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Remark 4.1. In the course of the proof, one might need to assume
102" Rl[fla < 00, [[|02"Allla < oo

Then, one can apply Propositions 4.8 and 4.4 to get the uniform bound. By performing a
similar iteration as in Theorem 1 in [6], one can get this condition. Since this is not our
main goal, we omit this part.

5. CONCLUSION

In this paper, we have conducted a local sensitivity analysis for Landau damping to
the random kinetic Kuramoto equation in a small coupling strength regime. The kinetic
Kuramoto equation can be derived from the random Kuramoto model via the mean-field
limit. As aforementioned in Introduction, the realistic modelings of physical phenomena
involve many uncertainties in , for examples, physical domain, boundary conditions, trans-
port coefficients, etc. Thus, uncertainties in problem setting are ubiquitous and need to be
quantified.

The stability of the incoherent state for the Kuramoto model has been addressed in Ku-
ramoto’s seminal work in a mean-field setting. In particular, he found that the incoherent
state can be linearly stable in the subcritical coupling strength regime, whereas it is lin-
early unstable in a supercritical regime. The extension of this linear results to the original
nonlinear equation is called the Kuramoto conjecture. Recently, there were lots of progress
in this direction. In this paper, we revisit the nonlinear stability problem of the incoherent
solution in the framework of ” uncertainty quantification:, by conducting the local sensitiv-
ity analysis. Our finding shows that as long as the coupling strength and initial datum are
sufficiently regular and small, the Landau damping is still true even with random uncertain
perturbation, with the same decay in time as in the deterministic case.

There are several interesting issues that we have not addressed in this paper, for example
the random effects on the nonlinear instability of the incoherent state in the supercritical
coupling regime, and dynamic features in the vicinity of critical coupling strength, etc. We
point out that these issues are also not clearly understood even in the deterministic setting.
We leave these studies for a future work.
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