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Abstract. We study the dynamics of the two dimensional Navier Stokes equations linearized around a strictly monotonic
shear flow on T X R. The main task is to understand the associated Rayleigh and Orr—Sommerfeld equations, under the
natural assumption that the linearized operator around the monotonic shear flow in the inviscid case has no discrete
eigenvalues. We obtain precise control of solutions to the Orr-Sommerfeld equations in the high Reynolds number limit,
using the perspective that the nonlocal term can be viewed as a compact perturbation with respect to the main part that
includes the small diffusion term. As a corollary, we give a detailed description of the linearized flow in Gevrey spaces (linear
inviscid damping) that are uniform with respect to the viscosity, and enhanced dissipation type decay estimates. The key
difficulty is to accurately capture the behavior of the solution to Orr—-Sommerfeld equations in the critical layer. In this
paper we consider the case of shear flows on T x R. The case of bounded channels poses significant additional difficulties,
due to the presence of boundary layers, and will be addressed elsewhere.
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1. Introduction and Main Results

The study of stability problems in mathematical analysis of fluid dynamics has a long and distinguished
history, dating back to the work of Kelvin [31], Orr [38] and Rayleigh [39] among many others, and
continuing to the present day. Hydrodynamical stability problems can be considered in both two and
three dimensions. In this paper we work with two dimensional flows. An important early theme was to
understand when physically relevant steady flows may become unstable by studying discrete eigenvalues
of the corresponding linearized operator, the presence of which often leads to exponential instability.
When the linearized operator is spectrally stable, it is natural to ask if we can prove nonlinear stability,
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which is the case for many parabolic equations.’ The answer to this question turns out to be complicated
due to many reasons. The main issue is that very often the most interesting physical settings involve high
Reynolds number (or equivalently the viscosity has to be taken as very small), and the Navier-Stokes
equations degenerate to Euler equations where continuous spectrum plays a dominant role. It is therefore
important to understand mathematically the property of the linearized operator in the high Reynolds
number regime, including the limiting inviscid problem.

For the Euler equations, there are significant recent progresses on the asymptotic stability of shear flows
and vortices, assuming spectral stability, see for example [5,19,27,29,30,34,40,42,47,48] for linear results.
The main mechanism of stabilization is the so called “inviscid damping”, which refers to the transfer of
energy of vorticity to higher and higher frequencies leading to decay of the stream and velocity functions,
as t — oo. Extending the linearized stability analysis for inviscid fluid equations to the full nonlinear
setting is a challenging problem, and the only available results are on spectrally stable monotonic shear
flows, see [4,24,25,37], and on point vortices [26]. We refer also to the recent review article [28] for a more
in-depth discussion of recent developments of both linear and nonlinear inviscid damping.

When the viscosity v > 0 is small but nonzero, there is another important physical phenomenon,
called enhanced dissipation, which helps to stabilize the flow. Roughly speaking, the background flow
mixes the vorticity field which makes the viscous effect more powerful in averaging the vorticity function,
leading to faster decay of the vorticity than when viscous effect acts alone. The enhanced dissipation
can be used to establish improved nonlinear asymptotic stability results for perturbations of the order
O(v7) for a suitable v > 0. The determination of the smallest v for which nonlinear stability still holds
is an important problem, and is an active research area, aiming to address the “transition threshold
conjecture”. We refer the reader to [2,10,11,13,15,16,18,32,33,35,36,41,45,46] and references therein for
important recent works on enhanced dissipation and transition threshold problems, and section 6.11 of
the recent book [6] for an excellent survey.

In view of the results on linear inviscid damping for the Fuler equation, it is natural to expect that
even for Navier—Stokes equations with small viscosity we should have the same inviscid damping results
with explicit rates of decay in time of the stream functions and velocity fields. Surprisingly, results in
this direction are very few, as pointed out in [6]. The only results addressing precise uniform inviscid
damping, as far as we know, are [3,7,10,35] for the Couette flow with full nonlinear analysis or precise
linear results, and [19] for the spectrally restricted stream function for “mixing layer” type shear flows
(but a description of the full solution without spectral restrictions is not available).

The main reason for this gap is that the Navier-Stokes equations in high Reynolds number regime
is a singular perturbation of the Euler equations, and the corresponding analysis for establishing precise
inviscid damping is significantly more complicated. As a consequence, the problem remains largely open
for more general shear flows than the Couette flow.

To bridge this gap, we take a first step and study the linear asymptotic stability of monotonic shear
flows (b(y),0) on T x R, and obtain precise inviscid damping estimates for the linearized flow that
are uniform with respect to viscosity, together with enhanced dissipation estimates. Strictly speaking,
(b(y),0) is not a steady state for the Navier-Stokes equations, and becomes steady state only with a small
external force f = (—vb”(y),0). In our setting, we consider the viscosity v to be very small. The effect
of diffusion on the background shear flow is negligible, at least up to the diffusion time scale T' <« %
After the diffusion time, due to the enhanced dissipation effect, the flow is essentially dominated by a
heat evolution, at least heuristically. Therefore our analysis below still captures the main dynamics of the
Navier—Stokes equations near shear flows, even when we do not add the external forcing. We hope the
methods introduced here can be applied to establish uniform inviscid damping in high Reynolds number
regime for more complicated and physically relevant flows, such as the Poiseuille flow in a periodic channel
and monotone vortices in R2.

We should mention that there are many important nonlinear stability results for fluid equations in Lyapunov or orbital
sense based on variational argument, see Arnold [1] and recent works [9,17] for more references. Our focus is dynamic
stability, or asymptotic stability, which requires a more precise understanding on the evolution of solutions.
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Our main assumptions on the background flow (b(y),0) are the following.

Assumption 1.1 (Main assumption on the shear flow (b(y),0)). We assume that the shear flow (b(y),0)
satisfies the following conditions:

e For some o¢ € (0,1), we have

V(y) €[00, 1/o0] for y € R, suppt” € [~1/00,1/c0], sup [T <1/o0; (1)
£€R
e The linearized operator Ly, : L*(R) — L% _(R) with k € Z\{0} defined for g € L*(R) as
Lieg(y) = b(y)g(y) — " (y)e, where (k> + 2)o(y) = g(y), y €R, (1.2)

has purely continuous spectrum R.

1.1. Main Equations

Assume that v € (0,1). The main linearized equation around the shear flow (b(y), 0) we shall consider is

Oyw — VAW + b(y)Opw — b (y)Oph = 0,
At = w (1.3)
for (x,y,t) € T x R x [0, 00). Taking the Fourier transform in x, we obtain for each k € Z that
0w, + v(k? — 8§)wk + ikb(y)wr, — ik (y)Yr, = 0, (1.4)
(=K 4 07k = wi, ‘

for (y,t) € R x [0, 00).

For k € Z\{0}, define the operator Ly, : H*(R) — L% (R) as follows. For g € H*(R) and y € R,

loc
Liwg(y) = (/)29 —ib(y)g +ib" (y)p,  with (—k> +82)p = g. (1.5)
We can rewrite equation (1.4) more abstractly as
Owy, = kLy ywy, fort >0, (1.6)
where we have set
wi(ty) = ¢t y). (L.7)
By spectral theory, we have the following representation formula for y € R and ¢ > 0,
i) = g [ [0 L) w0 ()
= /R MR (A — Li,) " Lwor] (3) dA (1.8)
1

=9 / e iblwo)tk [(ib(yo) + Liw) ™ wor ] () (o) dyo.
R

The formula (1.8) holds for wor € C§°(R), and can be derived using methods from the spectral theory of
sectorial operators, with slight modifications. We shall give a more detailed discussion in Proposition 7.1.
We remark that since we will obtain quantitative bounds on the vorticity and stream functions that are
independent of the support of wgx, our main conclusions do not require the compact support assumption
needed to establish the formula (1.8), by a standard approximation argument. Define for y,yo € R,

Wi (Y, 90) = [(b(yo) + L) ™ wor] (v). (1.9)
It follows from (1.9) that

ib(yo)wr,» (Y, o) + Lipwin (Y, Yo) = wor(y), for y,yo € R. (1.10)
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Therefore wy, ,(y, yo) satisfies the equation for k € Z\{0}, y,yo € R,

{ Y 02wi (Y, y0) + i(b(yo) — b)) wrw (¥, y0) + i (W) (4, 50) = wor (y), (L.11)
(—k2 4+ 02w (y,90) = Wi (Y5 90)- '

To obtain sharp Gevrey estimates for the profiles of the vorticity and stream function, it is important to
work with the variables v, w € R, defined as

v=>(y), w=>b(y), B (v)="V(y), fory,yoe€R. (1.12)
We define with the change of variables (1.12) for y,yo € R,
Hk,”(’uv ’LU) = d)kw(y’ yO)? Qk,v(va UJ) = wk,V(yv 310)7 FOk(U) = ka(y)a fk(ta U) = wk(t7 y) (113)
It follows from (1.11)—(1.13) that II; , and Q,, satisfy for v,w € R,

%(B*(v))QagﬁkW(v, w) + %B*(v)avB*(u)aUQk,y(u, w) — (v — W) (v, w)

+iB*(v)0,B* (v)Ii, , (v, w) = Fox(v), (1.14)
— |k? — (B*(v))?02 — B*(v)0, B* ()0 |}, ., (v,w) = Q. (v, w).
We define the “profile” for the spectral density function ITj , (v, w) with v,w € R (see also [27] for a
related definition) as
O (v, w) =1l (v + w, w). (1.15)
Using the formula (1.8), the identity (1.7) and the change of variable (1.12)—(1.13), we obtain the repre-
sentation formula
fe(t,v) = 7%671}16% /R e Rty (v, w)dw, for v € Rt > 0. (1.16)
We summarize our calculations in the following proposition.

Proposition 1.2. Assume that v € (0,1/10) and k € Z\{0}. Suppose that wi(t,y) satisfying the regularity
condition wi(t,y) € C>((0,00) x R) and wi(t,-) € C([0,0), L*(R)) is the solution to the system of
equations

{ atwk(ta y) + V(kZ - 65)0%@7 y) + Zkb(y)wk(ta y) - ’Lkb//(y)ﬂ}k‘(ta y) = 07 (117)

(—k? + 05)¥n(t, y) = wi(t,y),
for (y,t) € R x [0,00), with initial data wi(0,y) = wor(y) € C§°(R). Define the operator Ly, : H*(R) —
L2 (R) as the following

/!
Legly) = (v/k)02g — ib(y)g — b|,§|y> [e gz, oray ge @, (L)
R
Set for y,yo € R
Wi (Y, 90) = [(6(yo) + L) ™ wor] (v). (1.19)
Then wi, ., (y,yo) satisfies the equation for k € Z\{0}, y,yo € R,
{ %65%,11(% Yo) + 1(b(yo) — b(Y))wk,w (¥, y0) + " (y) Uk (¥, Y0) = wor (), (1.20)
(_kQ + 8§)¢k,ll(ya yO) = wk,l/(y7 yO)

We have the representation formula for y € R,t > 0,

1 —vk? —1
wi(t,y) = *%e F t/Re kb(yo)twk,u(%yo)bl(yo)d’yo- (1.21)

Define the change of variables for y,yo € R and t > 0,
v=>(y), w=>b), B (v)=V(), For(v)=wok(y), Hru(v,w)=1vx(y,vo),

Qi (0,10) = W (9,50)s O (0, 0) = T (0 — w,0), filts0) = wnlto), dultow) = v(t,g). 22
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Then Iy, and Qy,, satisfies for v,w € R,
(B ()02 (v, w) + B (0)9,B" (0)0, Qe (v,w0) = (0 = 0) Qe (v,w)
+iB*(v)0, B (v)I} , (v, w) = Fok(v), (1.23)
— |E* = (B*(v))%0? - B*(v)@vB*(v)ﬁv]Hkyu(v,w) = Qg (v, w).
Moreover, we have the representation formula for v € Rt > 0,
1 A
fe(t,v) = f—e*”k%/ e~ kvtQr L (v, w) dw, (1.24)
2T R ’
and

1 .
i (t,v) = vk / ety (v — w, w) dw. (1.25)
2w R

Strictly speaking the vorticity function wy(t,y) and stream function ¥y(t,y), together with their
variants in the variable v, also depend on . We omit this dependence from our notations for the sake of
simplicity, since there is no danger of confusion.

1.2. Main Results

Our main results are sharp regularity estimates in Gevrey spaces, and enhanced dissipation, for the
“profile” of the vorticity function fy(¢,v). We refer to the Appendix in [25] for detailed discussions on
Gevrey spaces. Below we allow the implied constants to depend on oy from (1.1) and the structural
constant £ > 0 from (5.28) connected to the limiting absorption principle.

Theorem 1.3. Assume the notations and conditions in Proposition 1.2. Then there exists a constant v €
(0,1) such that the following statement holds. Assume that v € (0,19) and 0 < § < o¢. Define for
veR,t>0,

fre(t,v) :== Fy(t,v)e” br(t,v) == Dy (t,v)e kL, (1.26)
Then for suitable ¢y € (0,1), we have the bounds fort >0
a3 R12/3 _ k2
([ (¢, ')||L2(R) Se gt ||F0k||L2(]R) : (1.27)

In addition, we have the uniform bounds for t > 0,

Sk Ty ‘ < okt || SR ‘ 1.98
e O Tt G] . (1.28)
Moreover, the profile for the stream function satisfies the bounds for t > 0,
k& — kt)28 09 gt ’ < okt || 5ROV R ’ .
H( & —kt)%e k(t,€6) e S e ok (&) e (1.29)

The proof of the theorem is based on the representation formula (1.24)—(1.25) and will be given in
Sect. 9. The main task is to obtain the following precise control on the “profile” ©y, , (v, w) of the spectral
density function in Gevrey spaces.

Proposition 1.4. There exists a constant vy € (0,1/8) sufficiently small, such that the following statement
holds. For k € Z\{0}, v € (0,19) and 0 < § < gg, the profile for the spectral density function, ©y (v, w)
satisfies the bounds

[1k1-+ ks B e - (1.30)

L2 (R)

12 —— ‘

< e T

L2(R2)
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In the above, /h\(f) is the Fourier transform of h € L?(R) and @;;,(5, 7) is the Fourier transform of
ek,u(yayO) in Y, Y0 € R.

We note that (1.28) provides very precise bounds on the “profile” of the vorticity function that
are uniform with respect to the viscosity, and is our main conclusion, while (1.27) gives an enhanced
dissipation estimate in comparison with the rate e~** that holds for general solutions to the heat
equation. The bound (1.29) implies that the stream function decays quadratically in ¢ if the initial data
is sufficiently smooth. The estimates (1.27)—(1.28) are strong enough for proving full nonlinear inviscid
damping, using also the ideas in [24], although considerable additional effort to control the nonlinearity
and methods in treating the slowly time dependent background shear flow would be needed. The method
in the paper can be used to obtain sharp estimates for initial data of Sobolev regularity, simply by
replacing the Fourier multiplier with that corresponding to Sobolev norms.

Lastly we mention that recently Chen, Wei and Zhang [12] studied a similar problem in a finite channel,
and obtained quantitative decay estimate of the stream function with rate 1/(14¢) that are uniform with
respect to viscosity. The methods in [12] and in our paper are quite different, and we focus on deriving
sharp regularity estimates in high regularity spaces, in contrast to [12] where the estimates are in L?
spaces. On the other hand, [12] also deals with a domain with boundary which introduces an additional
difficulty. It is an interesting problem to see if the method here can be used to determine whether the
decay rate obtained in [12] for the stream function is sharp or not. The main issue is if the presence of
boundary layer may destroy the quadratic decay of the stream function.

1.3. Main Ideas and Further Problems

1.3.1. Main Ideas of Proof. We briefly describe our main ideas to establish Theorem 1.3. With the
representation formula (1.24)-(1.25), the proof of the bounds (1.28)—(1.29) is reduced to the study of the
Orr—Sommerfeld equations (1.20) (in y, yo variables), and also (1.23) (in v,w variables).? The main task
is to establish the bound (1.30) on the profile of the spectral density function Oy , (v, w).

Our argument, on a conceptual level, can be divided into two steps. The first important step is to obtain
a very detailed understanding of the fundamental solution of the main Airy part 02 + i(b(yo) — b(y))
of the Orr—Sommerfeld equation, in Gevrey spaces. The characterization of the fundamental solution we
need consists of both pointwise bounds, see (4.11)—(4.12), and estimates in Gevrey regularity spaces after
suitable renormalizations, see Proposition 4.1.

The second main step is to show that the full Orr—Sommerfeld equation can be viewed as a relatively
compact perturbation of the main Airy part, and can be treated using a limiting absorption principe, see
Proposition 5.3, under the spectral assumption that the linearized operator in the inviscid case has no
discrete eigenvalues, see Assumption 1.1.

Therefore, the general line of our argument is analogous to the study of the Rayleigh equation, except
that we need to take the small-in-size but highest-in-order diffusion term as part of the main term. The
essential complication is that we can no longer solve the main Airy equation explicitly, and instead need
to rely on various pointwise bounds and regularity estimates on the fundamental solution.

On a more technical level, to establish the required pointwise bounds on the fundamental solution
kX (y, z;90) with y, z,yp € R of the main Airy part, defined for y, 2,50 € R and € € (0,1) as

[633 +i(b(yo) — b(y))] k(y, zy0) = 0y — 2), (1.31)

we use several energy estimates which achieve different levels of control, see section 3. The most interesting
energy estimate is perhaps the one which we call “entanglement inequalities”, see Lemma 3.4 and the
remark below it, as these inequalities provide bounds on the fundamental solution in one region by its

2The study of the Orr-Sommerfeld equation has a long history. We refer to [20,21] for an introduction to other important
aspects of the equation.
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behavior in another, possibly far away, region. Such inequalities are not new, and can be found for example
in [44], although our setting is slightly different.

The pointwise bounds alone are not sufficient for our purposes, due to the strong singularity of the
fundamental solution at y = yo or equivalently v = w. To obtain a more accurate description of the
singularity, as in [24,30], we perform a renormalization by making the change of variable (v,w) —
(v + w,w) after reformulating the fundamental solution in v,w variables, see (4.1), which shifts all
singularity to the v variable and the resulting kernel becomes very smooth in w.

The main remaining difficulty is to capture the singular behavior of the kernel in v, which is quite
complicated since the kernel is both oscillatory and singular. It appears that there is no simple way to
renormalize such complicated behavior. To overcome this difficulty, we derive various characterizations
of the singular behavior in v, see for example (5.7) and the decomposition (4.7).

Once we have sufficient understanding on the kernel, we can establish the limiting absorption principle,
see Proposition 5.3, and obtain a preliminary bound on Oy , (v, w) in low regularity Sobolev spaces. We

then apply the Fourier multiplier associated with the symbol Sk ? and use a commutator argument
to get higher regularity bounds, as in [24,30].

To obtain the enhanced dissipation bound (1.27), in section 8 we generalize an important result from
[44] which gives sharp decay bounds on the semigroup using resolvent estimates (that was inspired by the
earlier work of Helffer and Sjostrand [22]). Our main observation here is that the assumption in [44] on
the generator of the semigroup being accretive may be replaced by an a priori bound on the semigroup,
which can be obtained by a more detailed analysis of the spectral density function. This new formulation
appears applicable for a wide range of singular perturbation problems where sharp semigroup bounds are
useful.

After the completion of this work, we learnt about the recent work of Helffer and Sjostrand [23] which
contained a more general version of our estimate (see Theorem 8.1) on the decay of semigroups using
resolvent bounds and a priori semigroup bounds, with sharp constants. We decide to keep the statement
and proof of our semigroup bounds for their simplicity and for the sake of completeness, and refer to [23]
for the more general version.

1.3.2. Further Problems. A natural next step is to study the uniform inviscid damping near monotonic
shear flows inside a bounded periodic channel, such as T x [0, 1]. In this setting, an essential new difficulty
is the appearance of a “boundary layer” near y € {0,1}, due to the mismatch between non-slip and
non-penetration boundary conditions for the Navier—Stokes and Euler equations, respectively.

Another interesting problem is to consider shear flows that are not necessarily monotonic, such as
Kolmogorov flows. For such flows on the linear inviscid level, there is an additional physical phenomenon
called “vorticity depletion” which refers to the asymptotic vanishing of vorticity as ¢ — oo near the
critical point where the derivative of the shear flow is zero, first predicted in [8] and proved in [43]. A
similar phenomenon was proved in [5] for the case of vortices. See also [27] for a refined description of
the dynamics as a step towards proving nonlinear vortex symmetrization. It is an important and very
intriguing problem to understand, as precisely as possible, the interaction of inviscid damping, enhanced
dissipation, vorticity depletion and boundary layers, in the high Reynolds number regime.

In the above problems, although our method here will not apply in a straightforward fashion due to
various additional difficulties, the general idea of a direct comparison between Orr—Sommerfeld equation
in the high Reynolds number regime and Rayleigh equation through the limiting absorption principle
may be applicable.

It is also natural to ask whether the linear asymptotic stability results in the high Reynolds number
regime can be extended to the full nonlinear problem, as in [7] for the Couette flow on T x R. This is
a very subtle and difficult problem in general, already at the inviscid level. In the setting considered in
this paper, we believe that with additional work one can extend the nonlinear inviscid damping result to
Navier—Stokes equations with high Reynolds number, using the techniques developed here and in [24].

T Birkhauser
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1.4. Notations and Conventions

Throughout the paper we shall assume that k& € Z\{0} and v € (0,1/10). We shall use 9" with a
do € (0,1) depending on o( from Assumption 1.1 to measure regularity of functions involving only the
background flow. For example, we assume that

<1

& 9, B (¢)|
(Ea Gl

We also assume that 0 < § < g, which will appear in the Fourier multiplier 3R ysed to measure
regularity of solutions.
To fix constants, we use the following definition for Fourier transforms. For any g € L*(R),

a = L e~ W

For functions g of more than one variable, we use the variables y, z, p, v, w to denote physical variables
for which we do not take the Fourier transform, and use the variables «, 3,7 to denote Fourier variables,
unless otherwise specified. We also use g to denote the partial or full Fourier transforms for functions of
more than one variable. Therefore for example,

q 1 —qw
g (v,p; &) = \/T?/Rg(v,p;w)e £ dw.

We use the convention that X < Y means X < CY, where the implied constant C is allowed to
depend on ¢g. Dependence on additional parameters such as p will be indicated by the notation <.
For k € Z\{0}, we define the norm for any f € H*(R)

[z @y = 1kl fllz2 @) + [V fll 2 m)-

Finally, we use the notation that for m € Z N [1,00) and a € R™, {(a) := (1 + |a|?)'/2.

2. Preliminaries

In this section, we prove several technical estimates that are useful for our applications in subbequent
sections. We start with a localizing estimate for the Fourier multiplier with the symbol e#(* O ,EER.

Lemma 2.1. Assume that k € Z\{0} and p € (0,1). There exists a constant ¢y € (0,1) independent of

k,pu such that the following statement holds. Let K (y) be the kernel of the Fourier multiplier (k€)1
& € R, which is a function for |y| > 1/cy and can be calculated for |y| > 1/co as

= o= dim [ e e met e (2.1)

where the limit is taken in the sense of distributions® for |y| > 1/co, and V is a Gevrey reqular cutoff
function, satisfying

K(y)

Vel0r(-2,2), U=1on[-1,1], sup [e<5>3“| 7{?(5)1} <1 (2.2)
£ER

Then we have the decay estimates for |y| > 1/co,

K (y)] S el (2.3)

3Strictly speaking the test functions need to be at least Gevrey-2 smooth due to the strong growth of the symbol.
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Proof. Denote for a € R and N € ZN |1, 0),
N
pla,N):=[J(a—35+1). (2.4)
j=1
We first note the following pointwise bound which holds for a suitable Cy € (1,00) and all Ny;m €
ZN[l,00), £ €R,

08 (k, &)™/ < CY (K, &)™> N p(m/2, N)(N). (2.5)

The inequality (2.5) can be proved by a standard induction argument. As a corollary of (2.5), we also
have for a suitable Cy € (1,00) and all m € ZN[1,00), N € ZN[8,¢) and & € R,

02 [, €)W (¢ /R)]| < O (h, €)™ 2 p(m/2, N) (k€™ (N + RHO NN ]L (2.6)

By the integration by parts formula, we can bound for N € ZN[8,00) and y € R with |y| > 1,

i [ g ue R i

(2.7)
= | g [ yvoy [th. et/ m]eneae| 5 [ 1oV ON gV olm 2, M) (VY de.
—JR R
For a € R, denote
I(a) :=max{j € Z: j <a}. (2.8)
We can achieve a rough optimization in (2.7) by choosing N (depending on m) as follows.
Case I |y|"/? > m. In this case we set
Nog(My (2.9)
4 4Cy 16 ) '
We obtain from (2.7) and (2.9) that for a suitable ¢y € (0,1) and y € R with |y| > 1/co,
A / (k, €)™ (€ R)e de| S m®[(m/2)1) e o™, (2.10)
— 00 R

Case II |y|*/? < m. In this case we simply set
N = I(m/2) + 3. (2.11)
We obtain from (2.7) and (2.11) that for a suitable ¢g € (0,1) and y € R with |y| > 1/co,

1/2

Jim / (k. €)™ €/ RS de| < m'®[(m/2)1)” 5 (ml)ecome ol (2.12)
R

R—o00

1/2

O

The desired bound (2.3) then follows from (2.10) and (2.12), and a power series expansion of e#{(¥:¢)

The following property for the Green’s function of an elliptic operator that we shall study is important
for many applications.

Lemma 2.2. Assume that k € Z\{0}. Let Gi(v,v") be the fundamental solution to the elliptic operator
—k? + (B*(v))20% + B*(v)9,B*(v)0y, in equivalence, for v,v’ € R

[ = K2+ (B (0))%02 + B* (0)0, B" (1)0, | Gi(v, ') = 8(v = o). (2.13)
Fiz any U, € C§°(-10,10) for ¢ € {1,2,3} with
sup [ WL (9)) S 1. (2.14)

¢eR0e{1,2,3}

T Birkhauser
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(i) For any j € 7, we define for v,v' € R,

Gl (v,0) 1= Gr(v,0" )Wy (v — ' — §)Wa(v)). (2.15)
Then for a suitable 0y := do(0p) € (0,1), we have the bound for j € Z and a, 3 € R,
~ L e—do{atp)t/?
| Gila,B)] s e g (2.16)
Moreover for v,v' € R,
[kl Gr (v, ') | +0uGr (v, )| S e 0P, (2.17)

(ii) Let Gi(v,v";w) be the Green’s function for the elliptic operator —k* + (B*(v + w))?0? + B*(v +
w)0y B* (v 4+ w)d,. More precisely, for v,v',w € R,

[ = B2+ (B (0 4+ )02 + B (v + )0, B* (v 4+ )0, | G (v,0'w) = (v = ). (2.18)
For any j € Z and wg € R, we define for v,v",w € R,
g-,i’wo (v,0"5w) == Gr(v,v";wW) V1 (W — wo) Vo (v — v — J)V3(v'). (2.19)
Then for a suitable 6y = 6o(09) € (0,1), we have the bound for j € Z and o, 3,§ € R,

—— o edolatp)t
! gi,wu(avﬁ;f” Se 5OIJ|W€ bol&r ™, (2.20)
(#ii) Moreover for v,v',wy € R and £ € R,
]| Gresurg (0,05 €)] + 10 Gy (0,05 €)[ S eIl =l m00€1 7, (2.21)

Proof. By the change of variables (1.12), we have the explicit formula for v,v,w € R,
1 e~ lKIbT (v)=b7 1 (v")]

[kl B(v)

Gr(v,0') = — (2.22)

and
1 e lElb™ (v+w)=b~H (v +w)|

B e (2.23)

Gr(v, v w) = —

The desired conclusions follow from (2.22)—(2.23), using the properties of Gevrey spaces, see Appendices
A in [25,30] for more details. O

The following integral inequality will be used frequently below.

Lemma 2.3. Assume that k € Z\{0} and o € (0,1). We have for € € (0,03/2) and v, p € R,

_ o _ _ __ye—1/3,7 —1/3 \1/2_—1/3| 1 _ _
/ e dolk|lv—v |€ 1/3<6 1/311/,6 1/3p>1/2€ o(e v’ e p) /e [v"—p| dv' S;U e dolv p|. (224)
R

Proof. The proof follows from straightforward calculations. O

3. Pointwise Bounds on the Kernel of Generalized Airy Operators

In this section, we prove the following bounds on the kernel for the generalized Airy operator 92 +iV (V)
where V(Y) € C'(R) is real valued and “non-stationary” in the sense that |V'(Y)| € [o,1/0] for all
Y € R and some o € (0,1).

) Birkhauser
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Proposition 3.1. Assume that o € (0,1), V(Y) € C*R) with V(0) = 0 and |V'(Y)| € [o,1/0] for
alY € R, and o € [0,00). Let K(Y,Z) be the fundamental solution to the generalized Airy operator
0% —a+iV(Y). More precisely, for Y, Z € R, in the sense of distributions,

0RK(Y,Z)—aK(Y,Z) +iVIY)K(Y,Z) = §(Y — Z). (3.1)
Then there exists ¢y € (0,00) depending only on o such that
1 el 121y
|K(Y,Z)| <o We o{a,Y,Z) /2|y Z|’ (3.2)
and
(a, YYV2 s ey
O K 2)] Sy e AL (3.3)
In addition, for all Z € R,
\K(Z,2)| =y (o, Z)"1/2. (3.4)

The rest of the section is devoted to the proof of Proposition 3.1. Without loss of generality we can
assume that V/(Y) € [o0,1/0].

3.1. Global Energy Estimates

We begin with the following energy estimates.

Lemma 3.2. We have the energy bounds for all Z € R,

[ PEE 2y 5, 0.2 (35)
and
a/R|K(Y, Z)|2dY+/R\6'yK(Y, Z2)2dY <, (a,2)7Y2 (3.6)
Moreover, for Z € R,
|K(2,2)| g (o, Z)71/2. (3.7)

Proof. Multiplying K(Y, Z) to (3.1) and integrating over R, we obtain that

—/ Oy K (Y, Z)\Qdy—a/ |K(Y, Z)|2dY+i/V(Y)|K(Y, Z)?dY = K(Z,27). (3.8)
R R R

Multiplying V(Y)K (Y, Z) to (3.1) and integrating over R, we obtain that

—a/V(Y)|K(Y,Z)|2dY7/V(Y)|6yK(Y,Z)|2dY—/V'(Y)ayK(Y, Z2)K(Y,Z)dY
B R B (3.9)
+z‘/ VEY)|K(Y,Z)|?dY =V (2)K(Z, Z).
R

The identities (3.8)—(3.9) imply that
/ 0y K (Y, Z)|?dY + a/ |K(Y,Z)|>dY < |K(Z,2)|,
R R

(3.10)
/VQ(Y)IK(Y,Z)IQdY Se \V(Z)K(Z,Z)H/|8YK(Y,Z)HK(KZ)IdY-
R R

T Birkhauser
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As a consequence of (3.10) and Poincaré inequality, we obtain that

/<Y>2|K(Y,Z)\2dY So <Z>IK(Z»Z)|+/ Oy K(Y, Z)||K(Y, Z)| dY
R R

<5 [OPIR 2Ry + c@)] [ )KL 2P ay + (21K (2.2)],
which in view of (3.10) implies that

[P 2Py 50 (2)|K(2.2).,

o [ 1K 2Py + [ oy k(Y 2)PaY 5, |K(Z.2).

Using the inequality that for any f € H'(I) on an interval I C R,

| fllzoery S ||f||L2(I)|I|71/2 + ||f/||L2(I)|I|1/27

we obtain from (3.12) that

\K(Z,Z)| SN0y K (- 2)l| 2y —21<(2)-1/2)02) " 1K (L 2) | 12y — 2102y -1y (202
S (2)7VHK(Z,2)'2,

and if a > 1

\K(Z,Z)| SN0y K (- Z)l| 12y —21< oy 12y () ™+ 1K (4 2) | oy —21< () -1y (@)
So o VK(Z, 7).

Therefore
\K(Z,Z)| So {0, Z)7 /2

The desired bounds (3.5)—(3.6) follow from (3.12) and (3.16).
It remains to prove (3.7). Suppose that for some A with 0 < A <, 1,

|K(Z,2)| = N*(a, Z) 7/,

JMFM

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

It follows from inequality (3.12), estimates similar to the bounds (3.14)—(3.15), and the Eq. (3.1) that

\K(Y,Z)| So Mo, Z)7V2, for |V — Z| < (o, Z)7 /2,
and
VK (Y, 2)| So Ma, Z)!/2, for 0 # Y — 2| < {a, 2)7"/2.
Therefore
Oy K(Y,2)| Sg A for |Y — Z| < (a, 2)7V/2.
In view of (3.1) and the bound (3.20), we conclude that
A=, L.

The lemma is proved.

) Birkhauser
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3.2. Local-to-Global Energy Estimates

Denote for A € R,

B(A,Z) = ||K('7Z)||L2([A,A+(a,A)*1/2])v B-(A,Z):= HK("Z)”L?([A—(a,A)*l/?,A])' (3.22)

We show that 84(A,Z) controls K(Y,Z) for Y € [A,4+00) and (_(A4,Z) controls K(Y,Z) for ¥ €
(—00, A]. These local-to-global bounds play an important role in our argument below.

Lemma 3.3. For A,Z € R, we have the following bounds.
(i) For A> Z + (o, Z)~Y/2, we have the bounds

| K2 e KL 2P Y S, (0, A5 (4. 2) (3.23)
(ii) For A< Z — {a, Z)~'/2, we have the bounds
4 {a,Y)? 2 2 2
| K2R + oy K2R Y £p (0, A) (54, 2) (3.24)

Proof. We focus on the proof of (3.23) and assume that Z < 0, the case of Z > 0 and the proof of (3.24)
being similar. For A > Z + (a, Z)~%/2, we choose a cutoff function ¢ € C°((A, 400)) such that ¢ = 1
on [A+ (o, A)~Y2 +o0) and |¢'| < (o, A)Y/2. By multiplying ¢*(Y)K (Y, Z) and 0*(Y)V(Y)K(Y, Z) to
Eq. (3.1), and integrating over R we obtain that

- / POy K (Y, Z)P dY — a / P(Y)K(Y, 2)2dY
B R (3.25)

2 [ ooy K 2R 20dY +i [ FOWVIIKEY.2)Fdy =0,
R R
and
o [ FOVOIKE.Z)PY - [ POVl K(Y.2)Pay
R R
= [ et v + 2V oy K(v. 2 KTV 2 ay (3.26)
+ z/ VYY) |K(Y, Z)|*dY = 0.
R
We get from (3.25)—(3.26) that
o [ WIKW2PaY + [ 0oy, 2P dy
R R
<2 [ o)l () |oy K (Y. 2R, 2) .
R (3.27)
[ oEeEy 2R ar
< [ Plete v+ 2w w)l] oy K (v. 2KV 2)| v

It follows from Eq. (3.1) and the definition (3.22) that

105 K (Y, Z) |20y e(a,at(any-1/2)) So (o, A)B1 (A, Z), (3.28)
and thus

[0y K(Y, Z)||L2(Y€[A,A+<a,A)*1/2]) So (a, A>1/2ﬁ+(1‘1’ 7). (3.29)

T Birkhauser
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We then conclude from (3.27) that

OL/R<P2(Y)|K(Y, Z)[Pdy +/R<p2(Y)|5yK(Y7 Z)PdY <o (o, A)(B1(A, 2))?, (3.30)
and from (3.27), (3.30), and using also Poincaré inequality that

[ Fmx 2Py
R

2 (3.31)
1 2 2 2 e (Y) 2 2 2
<1 [FOPRE P + o) [ T KM 2PV + (0,42 (5,(4.2)°],
which implies that
[ FEONNPKY 2P Y S, (047 (5:(4.2))" (332)
The desired bounds (3.23) follow from (3.30) and (3.32). O

3.3. Entanglement Inequalities

The following “entanglement inequalities” play an important role in our argument.

Lemma 3.4. Assume that Ay, Ay € R satisfy the conditions that Ay < As, and either [Ay, As] C [0, 00)
or [A1, Ag] C (—00,0]. Fiz a nonnegative cutoff function ¢ € C1([A1, As]) such that ¢(A1) = p(Az) = 0.
We extend the domain of ¢ to R by setting ¢(A) = 0 for A & [A1, As]. Then we have the following bounds
for some ¢y := co(o) € (0,1),

/R ¢/ (V)2 = & (@, V) (V] IK (Y, 2)Fay = 0. (3.33)
Remark 3.5. In applications below, we shall choose the cutoff function ¢ so that | (Y)[?—c2 (o, Y)|p(Y)|* =
0 on [Ay, As] except when
Y = A1 +0((o, A1) 7H?) or Y = Ay + O({a, A2)71/?).

Then (3.33) implies the control of K(Y,Z) near A; by K(Y, Z) around As, and vice versa. Since [A7, As]
is a possibly very large interval, there is an “entanglement” in the behavior of K (Y, Z) near the two end
points Y = A; and Y = As, which inspires our choice of the terminology.

Proof. Using energy estimates similar to (3.25) and noting that V' does not change sign on [A;, As], we
obtain that

o [ P 2)PY + [ G0y 2PAY + | [ FOWVEEEY )P dY
R R R

(3.34)
< / (V)| (V)oy K (Y, Z)K(Y, 7)) Y.
Therefore,
o [ POIKY. 2P + [ FOUNIKE. 2P Y + [ FE)orEE2)F Y
B R B (3.35)
So [ W @IPIKY. 2)P ay.
R
It follows from (3.35) that for some cy(o) € (0, 1),
/R ¢/ (V)2 = & (@, V) (V)] |K (Y, 2)Fay = 0. (3.36)
O

) Birkhauser
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3.4. Proof of (3.2)-(3.3) for (a)~'/? &, |Z]

We now turn to the proof of (3.2)-(3.3) in the case (o) ~'/2 <, |Z|. We assume, without loss of generality,
that Z > 0 and consider several cases.

Case IY — Z| <, (o, Z)~'/2. The desired bounds (3.2)—(3.3) follow from the bounds (3.6)~(3.7) and
Eq. (3.1), if ¢g(0) € (0,1) is chosen sufficiently small.

Case II ()% <, Y < Z — 10{a, Z)~/2. We shall use (3.33) and need to give a more precise
description on the function . Fix 1 <, ¢ to be determined below. Let A; :=Y — €<0¢,Y>*1/2, Ay =
Z — {a, Z)~/2. We choose ¢ so that

o(X) = —co<a,X>1/2g0, for X € [Y + (a,Y>_1/2, Z — 2(04,2)_1/2],
P(Y = la,Y) V) = o(Z —(, 2)7V) =0, o(Z—2(a,2)"1?) =1, (3.37)
¢'(X)=0, for X €Y —a,Y) Y2 Y +(a,Y) VU [Z ~2(a,2) Y2, Z — (a, Z)7V?].
It follows from (3.37) that for some ¢; = ¢1(0) € (0,1)
my = (Y + (a,Y)"Y/2) >, el ?IY=2] (3.38)

Moreover, assuming that Y > £(a)/? from straightforward computation we can conclude that for a
suitable ¢; = co(0) € (0,1),
co (o, X)|p(X)|? — |/ (X)]* >0, for X e[Y —(£— 051/2)<a7Y>_1/27Y + (o, V)72, (3.39)
and
co {a, X)|p(X)? = ¢/ (X)? 2 cafe, YYma, for X € [V — (¢/2){a, Y) "2 Y + (a,Y)"V/?]. (3.40)

Therefore, assuming that ¥ > £{a)~'/2, we see from (3.33) and (3.38)—(3.40) that

Y 4({a,Y)1/2 Y —(t—c1){a,Y) 712
m*/ (o, V)|K(X,Z)|?dX — C’(U)m*/ (0, V)|K(X,Z)]?dX
Y —(£/2){a,Y)=1/2 Y —£{a,Y)—1/2

Voay) T 2 1%V (2 2
< (eofan Xl (O ¢/ COP)IK (X, 2 dX (3.41)
Y —#{a,Y)—1/2

Z=(a. )2 2 / 2 2 ~1/2
< / (X)X + ¢ (X)) K (X, 2)? dX <, (0, 2)"1/2.
Z—2(a,Z)y=1/2

If we choose £ > 1 to be sufficiently large depending on o, so that by the local-to-global energy bounds
(3.24), we have

Y+ {a,Y)"1/2 Y —(t—c1){a,Y) /2
/ @YK 2)P dx = 20() [ (@, Y)K(X, 2)?dX, (3.42)
Y —(£/2){a,Y)=1/2 Y —t{a,Y)=1/2

and therefore, by (3.41), for a suitable c3(o) € (0,1),

Y+({a,Y)~1/2 1 Lo
/ |K(X,Z)[?dX <, (a, Z) 12 cale2) TIY 2] (3.43)
Y —(a,Y)—1/2 <OL,Y>

The desired bounds (3.2)—(3.3) then follow from (3.43), using the Eq. (3.1).

Case IIT |Y| <, {a)~'/2. The desired bounds (3.2)(3.3) follow from Case II and the local-to-global
energy bounds (3.24), using the Eq. (3.1).

Case IVY < 0 and (o)~ /2 <, |Y|. This case is similar to Case II, using the entanglement inequality
(3.33) by choosing the cutoff function ¢ so that (with sufficiently large £ >, 1 and 4; :=Y —£{a,Y)~1/2,
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Ay = —(a)71/?)
¢ (X) = —cola, X)2p, for X € [V + (a,Y) "2, —2(a) /2],
p(V =L, Y) %) = o(—(a)7/%) =0, p(=2(a)"/*) =1, (3.44)
¢"(X)=0, for X €[V —la,Y) V2V + (0, Y)Y U [ = 2(a) Y2, —(a)"V/2].

Case V (a, Z)'/? <, Y — Z. This case is also similar to Case II, using the entanglement inequality
(3.33) by choosing the cutoff function ¢ so that (with sufficiently large £ > 1 and A; := Z + (o, Z)~V/2,
Ay =Y 4 l{a,Y)1/?)

o(X) = c()(a,X)l/zga, for X € [Z + 2<a,Z)*1/2,Y — <a,Y>*1/2],
(Y + £, Y) ) = o(Z + (0, 2)7?) =0, p(Z+2(a, 2)71?) =1, (3.45)
¢"(X)=0, for X €[V —{(a, V) V2V +0a,Y) VU [Z +(a,2)7 2, Z + 2(a, Z)"V/?].

Summarizing Case I to Case V, the proof of (3.2)—(3.3) is then complete, assuming that (a)~1/? <,
|Z].

3.5. Proof of (3.2)-(3.3) for |Z| <, (a)~1/?

We note that the case |Z| <, (a)~'/? is easier, by treating the cases |Y| <, () ~V/2, (a)"'/? <, Y and
(a)~1/? <, —Y separately.

4. High Reynolds Number Gevrey Bounds for the Generalized Airy Operator

In this section, we prove precise estimates on the kernel of the generalized Airy operator in Gevrey spaces,
in the high Reynolds number regime. To obtain the refined regularity structure in the study of the main
Orr—Sommerfeld equation (1.23) in v, w variables, for 0 < |e| < 1/9 we define k.(v, p;w) as the solution
to the equation for v, p,w € R that

0y B* (v + w) ) v s
Zk( ) 2 1)ke 5 - kF ; = 1/3 5 - : 41
eav ,(v,p,w)Jre B*(v+w) 0 .(Uapvw) Z(B*(U+w))2 <(’va7w) (p+7’6 ) (’U p) ( )
Fix a Gevrey smooth function ¥ satisfying
UeCP(—4,4), U=1on[-22), sup [e<5>3/4fﬂ(g)} <1 (4.2)

£eR

and define the Fourier multiplier operator A for any f € L?(R), as
Af(€) =@ for ¢ € R. (4.3)
Our main goal of the section is to prove the following bounds on the kernel k¢ (v, p; w).

Proposition 4.1. Assume that € € (—1/8,1/8)\{0} and k € Z\{0}. Let wy € R and U be as in (4.2).
Denote for v, p,w € R,

ke wo (0, pyw) == W (w — wo)ke (v, p; w). (4.4)
Then for suitable g € (0,1), we have the following bounds.
(i) For allv,p € R,

sup |21 Ty (0,1 ) (€)| S el HE gy 20 T P R (4.5)
EER

and

—1/34 —1/3

Py 2e B w—p|
9

sup |20, Ty (v, 1) (€)| Sor el 23 )00l
EER
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(ii) In addition, we have the decomposition for v, p,w € R,

U(p)ke(v, p;w) := ke (v, pyw) + k2 (v, pw), (4.7)
where the kernels kI (v, p;w),j € {1,2} are supported in p € [—4,4], and satisfy the bounds
sup [k (0, p1€)] S (€70 2em ol e R A e,
R
¢ 5 1/2  —T—— 1/3 1/3 \2 —§ 1/2 5 e=1/34 ¢—1/3 \1/2,~1/3 (48)
Sup‘e (&7 g, kLo (0,0 6)| S lel™ /3(e71/30)2=00(8) 7 g =do (e Fuyem Ep) e u—pl
EeR '
and
sup/ sup “m(a,ﬂ;nﬂe‘s(’(”)lm}dﬂ < 1. (4.9)
a€R JR n€ER '

The bounds (4.5)—(4.6) are sufficient for applications when |v| 4 |p| 2 1, while the bounds (4.7)—(4.8)
are useful for |v] 4+ |p| < 1. The rest of the section is devoted to the proof of Proposition 4.1, which we
organize into subsections.

4.1. Preliminary Pointwise Bounds

We begin with the following pointwise bounds, as a corollary of Proposition 3.1.

Lemma 4.2. Assume that yo € R,a € R and 0 < |e| < 1/8 with ea > 0. Let kf ,(y,2;y0) be the kernel for
the operator 685 +i(b(y) — b(yo)) on R. More precisely, for y,z € R,

(02 — )k o (y, 25 90) +i(b(yo) — b)) kL o (Y, 2590) = 6(y — 2). (4.10)
Then for a suitable ¢y € (0,1), we have the bound for y,z € R,
e—2/3 —1/3 ~1/3 —1/3_\1/2_—1/3
‘k:a(y, z; y0)| < e—CO<€ (y—v0),€ (2—yo),€ a)y ‘e ly—z| (411)
~ S TG o), e Pa
and
|ayk.:7a(y, z; y0)| ,S 5*16*‘30<6_1/3(yfyo),5_1/3(z7y0),e_1/3a)1/25—1/3|y7z|. (4.12)

Proof. The proof follows from Proposition 3.1 and the change of variables for y, z,yo € R,
y—yo:=€3Y, z—yo:=e3Z, bly) —blyo) = PVY), ki (y,zu0) = K(Y,Z). (4.13)
O

We have the following preliminary pointwise estimates, as a consequence of Lemma 4.2 and the change
of variables (1.22).

Lemma 4.3. Assume that ¢ € (—1/8,1/8)\{0} and k € Z\{0}. Let k.(v, p;w) be defined as in (4.1). For
suitable cog = co(o) € (0,1), we have the bounds for all v, p,w € R,

ke (v, p;w)| < |e| =3 (e 13 p) /2 cole™ o Ep) 2 P u—pl (4.14)
and

1Ok (v, p3w)| S |e] 723 (/3 pyecote Pue 0 A ol (4.15)

Proof. We assume without loss of generality, ¢ > 0. Define, using the change of variables (1.22), for
v, p,w € R, with a = 0,

kL (v, p;w) = k7 o (y, 23 90)- (4.16)
Then k! (v, p;w) satisfies for v, p,w € R,
[€(B" (0))202 + B0, ()0, + i(v — )| ki (v, psw) = B*(p)o(v — p). (4.17)
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By choosing ¢ as a fraction of the ¢y appearing in (4.11)—(4.12), the desired bounds follow from Lemma
4.2 and the identity that for v, p,w € R,

ke(v, p;w) = (p +i€"*)B*(p + w)k! (v + w, p + w;w). (4.18)

O

4.2. Proof of (4.5)—(4.6)

We note that for v, p € R,
max{[v]1/2, [p|/2Ho — p| ~ |[u]"/20 — [p|"/2p]. (4.19)

We shall, for the convenience of argument, prove the following bounds, which imply (4.5)—(4.6) up to the
constant dy € (0, 1),

[ 5) 0)]  Hpe E, (120
and
‘ {k’e)wo(v,p;.)} (w)‘ RS —2/3< —1/3p>e—50671/2\\U|1/2U—|P|1/zp|_ (4_21)
L

Multiplying ¥(w — wq) to the Eq. (4.1) and applying the Fourier multiplier A (acting on the variable w),
we obtain that

ot aB*(erw) - w v. 0 ) (w
{a B(v+w) (B*(v+w))2]A[’“€vwo( i)} (w)

= (p+1i€'/®)5(v — p)A[(- — wo)](w) + CL.,, (v, p;w0) + C2,,,, (v, p3 W),
and C?

€, W0

(4.22)

where the commutator terms C!

e wo are given by

Cél wo (v, p;w) := E{W&A[lﬂqwo (v, p; )] (w)— A [%&ke’wo (v, p; )] (w)}, (4.23)
and
C? wo (v, p;w) := —iv{ m/l [k@wo (v, p; )] (w)—A |:(-B*(,U1—|_'))2k€7w0 (v, p; )] (w)} (4.24)

Fix Gevrey cutoff functions ¥* and W' satisfying
T € C°[-5,5), W*=1on[-4,4], sup { © “TIF(g)} <1,

e (4.25)
U e 01-6,6], ¥'=1on[-55], sup [e<f> o (g)] <1
£ER
It follows from Eq. (4.22) and the definition (4.1) that for v, p,w € R,
[ (10 = w0) Ak (0,5 )] ()] S (0 = w0 ALY — w00)] )k (0, i)
L wo (V' pw) (4.26)
—|—Z /kvvw *(w — wp) vo—l—zel/3 ",
je{1,2}
and
| U™ (w — w0)Op A [k wo (v, p3 )] (w)]| S| (w — wo) A[U(- — wo) | (w)Dyke (v, p; w)]
L, V', 5
+ Z /3 ke(v,v";w)¥* (w — wp) (V5P w)dv' ) (4.27)

v+ el/3
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Denote for v, p € R,

ME('U,p) = sup {61/3<61/3”>1/26606_1/2|U|1/2”1/2P||A[k6’w0 (’U,p; )]

wo€ER (w)HL2(wE]R)

(4.28)
4 62/3<671/3v>716605—1/2||v\1/27|p|1/2p\ HavA[k'ﬁwo (v, p; )] (w)HLQ(wE]R) }

In the above, dy can be chosen as a fraction of the ¢y appearing in (4.14)—(4.15). Noting that for v, p,w €
R

)

U (w — wo) ke vy (V, p3 W) = ke oy (v, p3w), (4.29)

we have the following bounds on the commutator terms C;wo (v, p;w) and Cel,wO (v, p;w),

<6w>—1/28vA[/<:5,w0 (v, p; )} (’LU)’ L2(weR) (4.30)

S (YMe(v, p) + O e /3 By boc I elol el

1 (w = wo)Ce u, (v, 5 W)l 2 wer) < €

and

q}* - C2 ) ; w < H 811) _1/2A ke’u) Y ;. ‘
I (0= 00)C2 1 0 50 ey S o[ 02 A (v )], .
S (YMe (v, p) + Cy ) (e /3p)3/2em 00 Il 2ol 2o,
for any v € (0,1) and suitable constant C, € (0, 00). Using the bounds (4.26)—(4.27), we obtain that for
allv,peR
M(v, p) S vMe(v,p) + C.y. (4.32)

Choosing ~ sufficiently small, the desired bounds (4.5)—(4.6) then follow from (4.30)—(4.31) and Lemma
2.3.

4.3. Proof of (4.7)—(4.9)

The bounds (4.5)—(4.6) are sufficient for our purposes for |v| + |p| > 1. However we need more precise
characterizations of the kernel k. (v, p; w) for |v|+|p| < 1. The Eq. (4.1) can be reformulated, for v, p € R,
as
0y B* (w) v OyB*(w)  0yB*(v+ w)
Oy — ke(v, p; = - Opke ) Ps
ey 2~ e ) = [Py~ ey Ok
1 1

- “’[(3*(@)2 T B+ w»?]ke(“’p; W)+ i3 o)

We decompose, using the Gevrey cutoff function ¥ as in (4.2), for v, p,w € R,
\Il(p)ke(v,p;w) = kel(v,p;w) Jrkf(v,p; 'LU), (434)

|:6(95 +e
(4.33)

where

8wB*(’LU) . v
eagkel v, P; W —l—eiavkel v, p; W —zikel v, P; W
(v, p;w) B(w) (v, piw) B ()2 (v, p3w)
B {6[31;3*(111) 0B (v+w) v v

(4.35)
B*(w) B*(v+ w) }&J + {(B*(w))z - (B*(U-ﬁ—w))?} }\P(p)ke(v,p;w), 4.35

and
0w B* (w)
B*(w)

€d? + e —1 Y 2(v, p;w) = ie'/? v —p). .
g2 0, ~ itz (0. i) = o i€ 030 - ) (4.36)
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Recalling (4.4), we have the bounds for v, p, ¢ € R,

’ ke ,Wo U ) P5 §)|
1/3(.—1/3,7 B B
< 6—1/3<E—1/3v/>1/2W‘6 (€ : v >€—506 1/2||v’|1/2u'—|p|1/2p|e—2505 1/2Hv|1/2v—\v’|1/2v/\dv/
R |v’ + iel/3|
—1/3(,,/12/,—1/3,/\1/2
B e VE W 2 Cll i e e e T e R P,
R [v + iel/3|

< (e VB3I 200 2wl ool 2ol
(4.37)

Similarly, we have

10 Tl o (0, p5€)| S €3 (e /Bp) 2000 gm0e™ 2 1ul2

v—lp[*/p|

(4.38)
We turn to the more singular component k2(v, p;w). Denote for p € R,
W1(p) = p¥(p), (4.39)

then for v € R, /\If\l('y) = i(’“)w/\IT('y). Taking Fourier transform of (4.36) in both v, p € R, we obtain for
a, B, w € R that

~ 0w B* (w) — 1 —~
—ea? B2(a, Byw) + iea———~L k2(a, By w) + ———= 00 k2(a, B;w
(0 fw) +ico=prryy Kele Biw) + gy O Relon i) (4.40)
= Ui (a+B) +iP W (a+ ).
Define for v, a,w € R,
Eap(y, 0, w) 1= e=¢/3B" ) [ —a’l+i(e/2) B0, B* (w)ly*~a?], (4.41)

We obtain from (4.40) that
R, piw) = = [0 @) [Taly +8) 41T 3+ 0)] B
=B )T @+ B+ [ (B )T+ 5)i0, By ) b
- [T E )T+ 8By (1.42)
= [Tl )P e B 0.8 ()] (B () F (4 + By, w)

+i(B*(w)* W (a + ) / ie'/3(B* (w)* W (7 + B) Eap(7, @, w) dy.
Setting for a, v, w € R,
h(y, a;w) := Epp(7y, o, w)1jg o0) (7 — @), (4.43)

for h* € {¥(w — wo)(B*(w))? h(y, a;w), ¥(w — wo)B*dy B* (w)h(7, a;w)}, we have for a suitable ¢; €
(0,1),

‘/ (7, o w)e "7 d“” S e N1, o (y — a)edm, (4.44)
We obtain that
- 1/2 > e~ ol T
sup | B(a, )| ] 5 [ e )+ e T (4 pldy, (4d)
ne a
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and therefore

— o0
sup / sup U k2 (e, B; n)\e““m”z} dB < sup / [e9? + e/3]em <0 =Dy S 1. (4.46)
a€eR JR neR a€R J o

The proof of Proposition 4.1 is now complete.

5. Limiting Absorption Principle for the Orr—Sommerfeld Equation

In this section we prove the limiting absorption principle. We begin with the following bounds for solutions
to the equation

cOyw — aw +i(b(yo) — b(y))w = f(y), y€ER. (5.1)
In the above, we assume that 0 < |e| < 1/8 and o € R with ea > 0.

Proposition 5.1. Let 0 < |e| < 1/8, a € R with ea > 0, k € Z\{0}, yo € R, and f € H'(R). Suppose that
We.o(Y0)s Ye.a (-, y0) € H?(R) are the solution to the equations for y € R,

€Dowe,o(y,Y0) — 0We,a (Y, y0) + i(b(yo) — b(y))we.a (v, %0) = f(¥),
- (kz - 3§)¢e,a(y,y0) = we,a(yayO)'

Then we have the following conclusions.

(5.2)

(i) We have the energy estimates

1y = yo)we,a(y: 90) L2 yery + €/ wea(y: y0)ll r2wer) + €10y wealy yo)lp2(yer) S I fllr2y; (5:3)
(ii) Denoting m := ||h|| g1 (r), we have the pointwise bounds for y € R,

[we.a(yy0)| S el 7272y — yo), e 2a) " hm,
Bywea(ys yo)| S (el /23y — o), €)1 |23 3 (y — o), e Va) 2 m, (5.4)
020y 90| S [y = go), e a) 4 + 3y — o), )2

(ili) We have the bounds for the “stream function” e o,

sup [(k, €)% Deral&,90)[] S I 1en o (5.5)
£ER
(iv) In addition, we have the limiting behaviors
L] If (o %)) 7é 0,
. AC)
1 ealy,?) = , ; 5.6
e~>0,z~>y0,lgl4>ag, 5a>0w ’ (y Z) «p + Z(b(y) — b(yo)) ( )
L]
: —f(y) /(o)
1 =P.V. - —
04, ams04, 20 Wea(y, 2) v i(b(y) — byo)) 71-b’(yo)ts(y Yo), (5:7)

fory € R, in the sense of distributions.
o Similarly for y € R, in the sense of distributions for y € R,

—f(y) f(yo) 5

) — b)) )" o

lim We,a (Y, 2) = P.V.Z,

e—0—, a—0—, z—yo
Remark 5.2. We note that the bound
|€l|02we.o(y,90)| S [\6|1/6<6_1/3(y —yo), e )TV 4 (e y — o), e 3a) T2 [ fll i ry (5.9)

implies that the singular perturbation term ed7w is “negligible” outside the “critical region” |y — yo| <
le|*/3, for sufficiently small e.
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Proof. For concreteness, we assume that 0 < € < 1/8 and correspondingly o > 0, as the other case is

completely analogous. We organize the proof into several steps.
Step 1: Proof of (5.3) We first give the proof of (5.3). By integration by parts, we have

— [ gweatnmn) Py —a [ focas ) du-+i [ () = b)lea (v Py

- /R F ) wea(y>90) dy,
- €/R(b(yo) — b())|Oywe.ay, yo)Pdy — a/R(b(yo) — b(y))|we,o(y, vo) > dy (5.10)
e [ Byl 0¥ )l dy + 1 [ 160) = o) P 30) P

= [ 1)0m) = b))l dy.

It follows from (5.10) that
e [ 10y (3:0) Py < 1120 (300 22y
Aly—yolglwe,a(y,yo)|2dy (5.11)

< 6/ |0y we,a (Y, Yo)l|we,a(y, yo)| dy + [1fl 2@ Il — yolwe.a (¥, yo) |2 (yer)-
R
By the interpolation inequality

lwe,a(y, y0) 122y S 11y = yolwe,a (¥, y0) | 2(yer) 1By we.a (y, yo)ll L2 (yery, (5.12)
we obtain from (5.11) that

1/2 1/2
”we,a(yvyO)HL"’(yER) Sy — yO|we,a(yvyO)HLé(yeﬂg)Haywe,a(ya Z—,/O)”L/z(yeR)

(5.13)
_ 1/4 1/2 1/4
S €Y 11ty My — volwea(u: 30 15% iy 10e.a (490 | Foty ey
which implies that
_ 2/3 1/3
we.a (4, 90) | z2wer) S €3Ny = olwe o (v, v0) 1757,y 1 oty (5.14)
It follows from (5.14) and (5.11) that
[ =P hua sy + 42 [ 18000000 Py
f,a Hf||L2(R) |||y - y0|we,a(ya y0)||L2(yeR) + 61/3Hf||L2(]R) ||we,a(y, yO)||L2(yER)
So If 2@ llly = yolwe,a (4, yo) | L2 (yer) (5.15)

1/2 1/2
+ 61/3||fHL2(JR)|| ‘y - yO‘we,a(% y0)||L/2(yeR)||aywe,a(y7 yO)HLé(yeR)
1/2
50 Hf||L2(R) |:/]R |y - y0|2|we,a(y7y0)|2dy + 64/3 /]R |8ywe,a(yay0)|2dy

The desired bounds (5.3) follow from (5.15) and (5.12).

We now turn to the proof of (ii)-(iv). We can assume that f € H'(R) with ||f| g1 (=) = 1.

Step 2: Proof of (5.4) The bounds on w,, in (5.4) follow from the kernel estimates (4.11) and
[ fllz@ < 1. To prove the bounds on the derivatives of wc o in (5.4), we take derivatives in y in
(5.1) to obtain that for y € R,

eaiaywe,a(:% yO) - aaywe,a(yv yO) + Z(b(yO) - b(y))aywe,a(ya yO) = ayf + ibl(y)we,a(yv yO) (516)
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The desired bounds then follow from the kernel estimates (4.11), ||9, f|lr2®) < 1 and the pointwise
bounds on we o in (5.4).

Step 3: Proof of (5.5) To capture the singular behavior of we o for |y —yo| < €/% more precisely, we
rewrite (5.2) as

Gazwe,at% yO) - awe,a(y7 yO) - Zb/(y())(y - yO)we,a(ya yO)

.y (5.17)
= f(y) —i[b'(y0) (¥ — yo) — (b(y) — b(y0))]we,a (¥: Yo),
and decompose for y € R,
we,a(yayO) = wle,a(yayO) +w2e,o¢(yay0)7 (518)
where wic o and wa, o solve the equations
Dywic,a (Y, Yo) — awic.a(y,y0) — it (¥0) (¥ — Yo)wie.a (¥, Yo) = f(%0),
Ea§w26,a (ya y()) — aw2e,a(y7 yO) - Zb/(y())(y - y(])wZE,a(yv yO) (519)

= f(y) — f(o) = i[V'(yo)(y — yo) — (b(y) — b(¥0))] we.a (¥, Yo)-

It follows from the kernel estimates (4.11), ||f[|z1®) = 1, and the bound (5.4) that for y € R with
|y - y0| < ]-7

[wae,a(ysyo)| S € VO y —yo)o e Pa) T, (5.20)
By rescaling, we have for y € R,
wiea(y) = ¢ 2 Fyo) ' (yo)] 72 PW (€726 (50)) 2 (y — o)), (5.21)
where W satisfies the equation for Y € R,
W (Y) — e YV3ab (yo)) W (YY) —iYW(Y) = 1. (5.22)

In the above we have suppressed the dependence of W on €, a. Equation (5.22) can be solved explicitly
using Fourier transforms, and we have

W(E) = —V2m et 3+ Pa @)™ ey 0(¢),  for R, (5.23)

The bounds (5.3)—(5.4), the decomposition (5.18) and the bounds (5.20), the identity (5.21) and the
bound (5.23) imply that

sup | wea () <o 1. (5.24)
£ER

The desired bound (5.5) follows from (5.24).
Step 4: Proof of (5.6)—(5.8) We first note that (5.6) follows from the bound (5.4) and the Eq. (5.2).
We now turn to the proof of the limit (5.7). By Eq. (5.2) and the bounds (5.4), we only need to consider
the region |y — z| < 1/2. We fix an even cutoff function ® € C§°(-2,2) with ® =1 on [-1,1]. For any
© € C5°(R), we calculate, using the bound (5.4), Eq. (5.2) and (5.18)—(5.23) that for any ¢ € C5°(—1,1),

i [ wealn2p)dy =t [ / W(l—M(y—z)/(emﬂ“))dy

e,a—0+,2—yo ea—0+,2=vo b(y) B b(Z))

o) [ wrealn D - /e + ) dy] ,
(5.25)
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and therefore,

, o)
o, [ eatn =P, |

= o)  lm / Wiea (1, 2)B((y — 2)/ (e + a) /) dy

e,a—0+,z2—yo

= ¢(y0) (o) [V'(y0)]>*  lim /R e VBW (e V3W ()3 (y — 2))@((y — 2)/ (e + )/ Y) dy

e,a—0+,z2—yo

0 —
——Var ol g [ (6 de = ol .

(5.26)

We note that the cutoff length we used, €!/4, is somewhat arbitrary, and we can use any cutoff scale d
with max{el/g, a} < d < 1, to separate the critical region which is of the size €!/3 from the more regular
region. Since ¢ € C§°(—1,1) is arbitrary, we obtain the desired identity (5.25). O

For € € (—1/8,1/8)\{0}, o € R with ea > 0 and yy € R, we define the operator T, o 4, : H'(R) —
H'(R) as follows. For any f € H'(R), suppose we o, te o are given as in (5.2). Then we define
Te,a,yof(y) = ¢e,a(ya yO)v for yeR. (527)

The bounds (5.4)-(5.5) imply that 7% o 4, : H'(R) — H'(R) is compact.
We are now ready to establish the following limiting absorption principle which plays a fundamental
role in controlling the solutions to the Orr—Sommerfeld equation in the high Reynolds number regime.

Proposition 5.3. There exist g > 0 and k > 0, such that for all € € (—€g,€0)\{0}, @ € R with e > 0,
k € Z\{0}, yo € R, and v € H'(R), we have the bound

1% + Te.0,0 (") | 11 vy = 5191 ) (5.28)

Proof. For the sake of concreteness, we assume that € > 0, as the other case is completely analogous. By
the bound (5.5) we can assume that k = ko € Z\{0}. For 1 € H'(R), assume that we o (-,y0) € H*(R) is
the solution to

€0ywe.o(yy0) +i(b(yo) — b(y))we.a(y, yo) = —ib" (Y)Y (y), for y € R.

The kernel estimates (4.11) and the support assumption suppbd” € [—1/0¢,1/0¢] imply that for some
co = co(o) € (0,1) and all |yo| > 2/0,

wea (Y, 0)| S €3 (yo) /2 / emeoc ol =2l ()| dz, y € R. (5.29)
R
It follows from (5.29) that
lweallz2my S o)~ 1l my- (5.30)

The desired bounds (5.28) then follow if |yg| > 1/0¢. Thus we can assume that |yo| < 1. Similarly, by
the bound (5.4) we can assume that 0 < o < 1. In summary, it suffices to consider the case

k=ko e Z\{0}, |wl<1, 0<a<l (5.31)

Suppose the inequality (5.28) does not hold, then we can find a sequence ¢; — 0+, 0 < o; S 1, y0; € R
with |yo;| < 1, and ¢; € H'(R) with ||¢); | g1 (r) = 1 for j > 1, such that

195+ Tej 05005 @ ) |1y — 0, s j — oo (5.32)

By (5.31) and the bound (5.5), we can assume (by passing to a subsequence) that for some ¢ € H!(R)
with [|¢[| g1 ®) = 1,
Yoj — Yo, «; — a >0, and tholo v — Yl a1 w) = 0. (5.33)
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We conclude from (5.32)—(5.33) that
Y(y) +i lim T, o, 40, (b"9)(y) =0, for y € R. (5.34)
J]—00 -

We distinguish two cases, & = 0 and « > 0, and focus first on the case a = 0. Applying the differential
operator —k* 4 02 to (5.34), and using the identity (5.7), we get that in the sense of distributions,

V' (y)dly) V" ()
b(y) — b(yo) v (yo)

Multiplying v, integrating over R and taking the real part, we conclude that

(—k* + 0)e(y) — P.V. ¥ (y0)o(y — yo) = 0. (5.35)

b" (o) (o) = 0. (5.36)
Hence
w = (—k*+ ) € L*(R), (5.37)
and
(b(y) — b(yo))w — " (y)y = 0. (5.38)

(5.38) implies that w € L?(R) is an eigenfunction for the eigenvalue b(yo) of the operator Ly, which is
a contradiction to our assumption that there are no discrete eigenvalues for L in our main assumption
1.1.

The case o > 0 is similar, and we can obtain a contradiction, using the identity (5.6) to get an
eigenvalue b(yg) +ia for Ly, and our assumption that there is no discrete eigenvalues for Lj. The theorem
is now proved. O

Remark 5.4. Proposition 5.3 when o = 0 can be equivalently formulated as the following statement. The
solution 1 € H(R) to the equation

€0 (0 — k) —i(b(y) — b(yo))(9y — k) +ib"(y) = f(y), foryeR, (5.39)
can be bounded by the solution ¢* € H'(R) to the equation
€ (05 — k*)¥ —i(b(y) — b(yo)) (T — k*)p = f(y), fory €R, (5.40)

in the sense that

1l ey S N9 g wy- (5.41)

6. Bounds on the Spectral Density Function in Gevrey Spaces

In this section we use the limiting absorption principle and commutator argument to establish bounds
on the spectral density function in Gevrey spaces.
Recall the definitions (1.13)—(1.15), and the Eq. (1.14). Assume that k € Z\{0} and v € (0, v,) with
v, being sufficiently small. We need to study the following equations for Ty , (v, w) := (v + w, w) and
O (v, w) with v,w € R,
(v/)(B* (0 + w))202T 1 (0, 0) + (v/k) B* (0 + )0y B* (0 + w)3, Y (0,0) — 0T (v,0)
+iB* (v + w)0, B* (v + w)O (v, w) = For(v + w), (6.1)
—k? 4+ (B* (v +w))?0? + B* (v + )9, B* (v + w)&,} Ok (v,w) = Ti (v, w).

The limiting absorption principle, see Proposition 5.3, can be reformulated for the system of equations
(1.14) in the variables v, w as follows.
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Proposition 6.1. There exists v, € (0,1) sufficiently small, such that the following statement holds. As-
sume that v € (0,v,), k € Z\{0}, w € R and f € L*(R). Denote ¢ = v/k. Let h,p € H?*(R) be the
solution to the system of equations for v € R,

(v/k)(B*(v+ w))zﬁgh(v) + (v/k)B* (v + w)0, B* (v + w)d,h(v) — ivp(v)

+iB™ (v +w)0, B* (v +w)p(v) = f(v+w), (6.2)
[—H+uﬁ@+mf%+3wwmwmww+wwvﬂ@:h@.
Define
)= [ Gl suhe(v) i) (B*(pi e ];(f ;33 dpdv’ . (6.3)
(i) Then we have the bound
ol 2y S NE N2 - (6.4)

(ii) Fquivalently, we can reformulate the Eq. (6.2) in the integral form as

- ', b B (p+w)  elp)
QD(U)+Z RQQk(v,v,w)ke(v,p,w) B*(,o—l—w) p—|—i€1/3

Then we have the bound (6.4) for the solution .

dpdv' = F(v), forveR. (6.5)

Proof. The bound (6.4) follows from Proposition 5.3 (see also remark 5.4), and the change of variables
(1.12). O

To use Proposition 6.1 to obtain bounds on Oy ,, we need the following lemmas.

Lemma 6.2. There ezists v, € (0,1) sufficiently small, such that the following statement holds. Assume
that v € (0,v4), k € Z\{0}, w € R and f € L*(R). Denote € = v/k. Define for v,w € R,

1 flp+w)
F = L) ke (V' p; dpdv’. .
(’U,'lU) R? gk(U7U )w) ('U 7p’w) (B*(p+W))2 p+i€1/3 v (6 6)
Then we have the bound
1{k; 00) F'll L2 w2) S 1 fllz2w)- (6.7)
Proof. We choose a Gevrey cutoff function U* € C§°((—6,6)) such that
U* =1on [-5,5], sup [e<5>3/4 El\*(f)} S L (6.8)
£ER
and also a Gevrey cutoff function ¥** € C5°((—20,20)) such that
U** =1 on [—15,15], sup [€<£>3/4 @(5)} S L (6.9)

£eER

We can decompose, using a Gevrey cutoff function ¥ satisfying (4.2) and the definitions for k!, k? from
Proposition 4.1, for v, w € R,

F(v,w) = Fn(v,w) + Fr(v,w) + F1(v,w) + Fa(v,w), (6.10)
where
Fn(v,w) == /R2 Gr(v, v 5w) (1 — W (p))ke(v', p;w) (B*(p1+ w)2 i(ﬁ ;!;111/2 dpdv’, (6.11)

1 flp+w)

(B*(p+w))? p+ie'/3

(') U (p)f(p+w)
(B*(p+w))?  p+iel/3

Fr(v,w) := /11%2 Gr(v,v";w) (1 — U (") (p)ke (v, p; w) dpdv’, (6.12)

Fi(v,w) ::/ Gr(v,v";w)kL (v, p;w) dpdv’, (6.13)
R2
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and
@) vr(p)flp+w)
F. = Lw)kZ (V) p; dpdv’. 6.14
Q(an) - gk(U,U,UJ) e(v7p5w)(B*(p+w>)2 p+7;€1/3 pav ( )
It suffices to prove that for x € {N, L, 1,2},
[[{k, Ov) Full 22y S 112 (wy- (6.15)
We first prove (6.15) for Fiy. Using the bound (4.14), (2.21) and (2.24), we have
k|| Fiv (v, w)| + |0y Fy (v, w)| S /Re_é°“’_”‘<p>_1|f(p+w)ldp, (6.16)

from which the desired bounds (6.15) for Fiy follows.
To prove (6.15) for Fr, we first note the pointwise bounds for v/, p,w € R with [v' — p| > 1,

1 — - - ’
ke(vl7p;w)m < 6_1/3<€_1/3’U/,6_1/3p>1/2€_50<6 Ve p) 2 e B —p| (6.17)
Then using the bound (4.14) and (2.21)—(2.24) we have
[FI[FL (v, w)| 4100 Fr (v, w)| S /Re_‘s‘)'”_p‘(m_llf(ﬁw)l dp, (6.18)

from which the desired bounds (6.15) for Fy, follows.
To prove (6.15) for Fi, using the inequality (4.8), we can bound

K[| F1 (v, w)] + |00 F1 (v, w)]|

< / e—éo\v—v'|6—l/3<6—1/3p>1/26—50(571/3v’,e’1/3p)1/2571/3\v/—p\\I,*(p)|f(p + U))| dU/dp
~ S (6.19)

< /R &30l ()| £(p + w) | dp,

from which the desired bounds (6.15) for Fy follows.
We now turn to the proof of (6.15) for Fb, which is the most difficult case due to the singular factor
(p+i€e'/3)~1 in (6.14). Define for j € Z, p,v,w € R,

Faj(v,w) := Fa(v,w)¥(w = j),  fi(p) = F(p)®(p—3), k2;(v,psw) = kZ(v', p;w)¥" (w - j).

(6.20)
Taking Fourier transform in v, w, we can bound for j € Z,£,n € R,
| F2;(&5n)
—_~— _ _ / —~ —_
S / | Gr (& 015 00)|| k2 j(—a1,n — az — as +y;a3)|e hol0)" 2| Ji(n =B — @z — )| d= (6.21)
RS :

6—50(5-1-0(176%2704375)1/2
<
/R5 k2 4 &2
In the above, we have used the notation dE = da;dasdasdfdy and the bounds (2.20). The desired bounds
(6.15) for F» now follow from (6.21) and the bounds (4.9), together with the inequality

Z ||fjH%2(JR) S Hf||%2(1R)~ (6.22)

JEZ

ANL/2 T i —
‘6%(043) k‘i]—(—ahn — Qg — (3 +’y;043)“ fj(’l] — ﬁ — Qg — Oz3)’ d=.

O

Lemma 6.3. There exists v, € (0,1) sufficiently small, such that the following statement holds. Assume
that v € (0,v,), k € Z\{0} and w € R. Denote ¢ = v/k. Suppose that f € L*(R) satisfies for some
p € (0,1) with p < do,

Heu<k,s>”2f(g)”m® < 0. (6.23)
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Define for v,w € R,

1 flp+w)
F = L)k (V' p: dpdv’ 6.24
(1},1,0) - gk(U7U 7w) (U,p,’lU) (B*(p+w))2p+zel/3 v ( )
Then we have bound
(k (k 1/2’\
(| (k, &)ert W F (€,n HLQ(RZ) < etk HL2(R (6.25)
Proof. We decompose F' as in (6.10)—(6.14), and define for j € Z, x € {N, L, 1,2} and v,w € R,
: . f(p) ,
Fl(v,w) == Fu(v,w)¥(w —3), [i(p):=——U"(p—j). 6.26
It suffices to prove the inequality for « € {N, L, 1,2},
k, 1/2 —~— (k 1/2/\
[k, €0t B F (&) ooy S 119 F (O oy (6.27)
We first establish (6.27) for + = N. For j € Z, it follows from (2.20) and the bound (4.5) that
ehlkm)t/? [|k|‘ Fi,(v,n)‘ + |0y FJJ\‘[(U,H)H
(6.28)

< Z/ —dolv— P\\p (p—0)(p)~! #(k,ﬂ*a*ﬁ>l/2|7j+\[(n —a— ﬂ)| —do(a,8)* dadﬂdp
€z
The desired bound (6.27) for Fiy follows from (6.28).
The bounds on FJ, follow similarly, using also the pointwise inequality (6.17).
We now turn to the proof of (6.27) for Fy. Using (2.20) and the bound (4.8) we obtain that for j € Z,

1/2 _—
ettt | v+ o B o)
(6.29)
5/ e lvmplenthn—e=p)"? ) )7 1 —a—ﬁ)‘e_‘s"("’ﬂ)l/z dadfdp.
R3

The desired bound (6.27) for F follows from (6.28).
We finally prove (6.27) for F,. Taking Fourier transform in v, w, using the definitions (6.14) and (6.26),
we can bound for j € Z,&,n € R,

)L/ —— - \1/2
| F(€.m) </ | Grj(& o5 0| K2, (—a1,m — as — az + ; ag) [erFe2os)
RE)

x e~ gthan=pmeaman) () — 5 — 0y — ag)| dZ (6.30)
—0o(E+an,az,a3,08) 5 12— .
§/5 2 e ‘6 olas) k?,j(*alvn*%*0!3+’Y;0¢3)‘|9j(77*5*042*043)|d5-
In the above, we have used the notation d= = daldagda3dﬁd7, the bounds (2.20) and the definiton
() = etk ! f]( ), fornmeR. (6.31)
The desired bounds (6.27) for F now follow from (6.30) and the bounds (4.9). O

To control the commutator terms, we shall need the following estimates.

Lemma 6.4. Fiz p € (0,1/8) with 0 < p < 0g. Assume that k € Z\{0}, € € (—1/8,1/8)\{0}. Define for
any h(v,w) € L*(R?),

9pB*(p+w) hip,w) /

Z(h = ")k (V' p; 6.32
( )(va) 2 gk(’U,’U,’UJ) (U,,O,UJ) B*(p+w) p+i61/3 ( )

Define also the Fourier multiplier operator M, as follows. For any f € L*(R),
Mf(n) = e =0 F), for n € R. (6.33)

) Birkhauser



JMFM Uniform Linear Inviscid Damping and Enhanced Dissipation Near Monotonic Shear Flows Page 29 of 38 42

For h € L*(R?) with ||(k, 0y) M h|| 12 (r2) < 00, assuming that M,, acts on the w variable here and below,
we have the following commutator bounds

[k, 00) [Mu {Z(h)} (v, w) — T(M,,h) (v, w ) (0) T 2M{Z(h)} (v w)H . (6.34)

sy S [ 6 .

Proof. Using a Gevrey cutoff function ¥ as in (4.2) and ¥* as in (6.9), we define for v,w € R,

9pB*(p+w) hip,w)

Tn(n)(w,w) 1= [ Gulo 5o pr) (1 () e P D L P dp (6.35)
T, w) = [ Gl )1 = W DR () T PRI G, (6.3
Tuh)00) = [ Gelon s W 0O, i) ) 27 L) S (637
L w) = [ Gelov'sw) ¥ (@R, )W (p) ajﬁ;g” :w? phfzfjf% dpdv'. (6.38)
It suffices to prove that for x € {N, L, 1,2},

[k, 0) M AZ )} 0, 0) = T 0 0)] | o gy S [ Ch: 000 00) P MAZ W} )| - (6:39)

For notational convenience, we set for n € R,
my(n) = e, (6.40)

We first prove (6.39) for the case x = N. Recall that 0, B* is compactly supported. Using the bound
(2.20) and (4.5), we obtain that

o —

k] () Zov () (0, m) = Zn (Myh) (o, )| +

o [ () T () (v.m) = Zn (M) (w,m)]|

—Solv— - —60(ox 1/2
5/ ol =Pl p) " myu(n) = mu(n —a = B=)|| B (p,n— a— B —7)|e” P dadBdydp.
R3
(6.41)

The desired bound (6.39) for * = N follows from (6.41), using also the pointwise inequality for a, 8 € R,
mu (@) = mu(B)| < (e, B)7 | = Bl |my (@) + mu(ﬂ)] : (6.42)

The proof of (6.39) for the case * = L follows similar lines, using also the pointwise inequality (6.17).
We now turn to the proof of (6.39) for the case * = 1. Using (2.20) and (4.8), we have

—

[l [ () Ta(R)(0,m) = Zi (M) (o, )| +

b [mu(n) i) (v0,m) = Zi(Mh) (v,)]|

—olv— - Sl 1/2
5/3 ol =)~ myu () = mpu(n — a = B=)|| b (p,n — a = B—7)|e” P dadBdydp.
R

(6.43)
The desired bound (6.39) for * = 1 then follows from (6.43).
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Finally, we treat the case * = 2. Using (2.20) and (4.9), we obtain that
() Ta(B)(&,0) — To(M 1) (€,)

S/ |%(€70‘1;a2)”23:2;)(—041’—7_6_044;0[3”
RS

_ / — _
x e (= B — s — ag) = mu()|| B (aa,n — B — az — as)| d2 (6.44)
6_50(€+0¢1,a27a3,5)1/2 Sola)l/2 75
s/]Rs k2 + €2 ’e ofas) ke,j(_ala_’V_ﬁ_CM;aB)‘
X [mu(n— B —as —as) —mu(n)l| h (as,n— B — oz — as)| dE,
where d= = dagdasdasdasdfBdy. The desired bound (6.39) for « = 2 then follows from (6.43). O

We are now ready to prove Proposition 1.4 (which we recall below) on the main Gevrey bounds for
the renormalized spectral density function.

Proposition 6.5. There exists vy € (0,1/8) sufficiently small, such that the following statement holds. For
k € Z\{0}, v € (0,1p) and 0 < 6 < dy, the profile for the spectral density function, Oy, (v,w), satisfies
the bounds

k O (€, ‘ <HT?\ ’ . 6.45
|Gk + b B m|,, . <[ T (6.45)
and
1/2 —~— 1/2 ——
R R S O] . (6.46)

Proof. We can reformulate equation (6.1) in the integral form as

, 9,B*(p + w) Ok, (p; w)
v(v, 5 w)ke (V' pyw) -2 o
®k7 (U w) +1 R2 gk(’U v ’LU) (’U p U}) B*(p+w) p+i€1/3

for v,w € R, where

dpdv' = Fy, ,(v,w), forveR, (6.47)

1 For(p 4 w)

Fi (v, = U w)k (V) p . 6.48
o) = [ Gl s w0 ) g e (6.45)

By Lemma 6.3, we have the bounds
[[(ks Ou) Fiou 22y S I1Fokll 22 (w), (6.49)

and
1/2 —~— 1/2 ——

[k, €)M B (€ m) L2y S 1% For(©) | 2wy (6.50)

The desired bound (6.45) follows from (6.47), Proposition 6.1 and the bound (6.49).
To establish (6.46), we apply the Fourier multiplier operator M, to (6.47) (acting on w), and use the
commutator estimates. More precisely, using (6.47) we get

v. )] (w i v w V' 0w 8pB*(p+w) M, [ek,l’(pv')} (w) v
My O (v, )] (w) + o IR0 R P5) ) priar P (6.51)

= My [Foo(0,)] (@) = i{ MU [Z(O4.) (v, )] () = T(M [O1 (v,)] ()}
for v,w € R. Lemma 6.4 implies that
|k, 0] M, [2(00) (0] () = T(M [Or. (v, )] (w) }
S Y ||<k7 av>MlL®k,l/”L2(R2) + C’Y ||<ka 8’U>@k‘,l/HL2(]R2) 5

L2(R?) (6.52)
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for any v € (0,1) and a suitable C,, € (0, 00), by dividing into high frequencies and low frequencies in w.
Then it follows from Proposition 6.1, Lemma 6.3 and the bound (6.52) that

||<kv 8v>Mu@k,u||L2(R2) S ||M;LFOk||L2(R) + ||<kv av>Mu6k,u||L2(]R2) + C’y ||<k»av>@k,u||L2(R2) . (6-53)
The desired bound (6.46) then follows from (6.53) by choosing v € (0,1) sufficiently small. O

7. The Spectral Representation Formula

In this section, we justify the representation formula (1.8) for wor € CS°(R). The basic idea is to use
the general theory of sectorial operators, and we refer to section 4, Chapter II of [14] for the well known
approach. The main properties we need to establish are the following.

Proposition 7.1. Assume that k € Z\{0} and wo, € CP(R). There exists v, € (0,1), such that the
following statement holds. Define

Y:={AeC: kRA<0}. (7.1)
For any A\ € ¥ and v € (0,v,), the following system of equations for y € R,
v ) .
ZOuh(y, A) = (b(y) = Mh(y, A) +b" 1)y, A) = wor(),

is solvable for a unique solution h(y,\) € H?(R) which is holomorphic for \ in the interior of ¥ and
continuous on Y. In addition, we have the bounds

(7.2)

1
Hh(-, )‘)HLz(]R) §V7(—U0k wv (7~3)
and
1
H@,\h(.,)\)HLQ(R) Svwo e (7.4)
We note that in the bounds (7.3)—(7.4) we allow the implied constants to depend on the small viscosity
v > 0 and an unspecified norm on wyy, which is not a problem for us as we only use these bounds in a

qualitative way, to justify the identity (1.8).

Proof. Assume for the sake of concreteness k > 0 and correspondingly A < 0. By Propositions 5.1 and
5.3, the Eq. (7.2) is solvable and we have the bound

o M@ Swo 1 I1AC @) Svawer 1- (7.5)
Using Lemma 4.2 and the assumption on the compact support of b and wqy, we obtain that
1A C, Ml @) Svwor (N7 (7.6)

and for |y| sufficiently large (so that y is outside the support of b and woy), [A| > 1,

[y M| Sy, €00V, (7.7)
Notice that dx¢(y, A) satisfies the equation for y € R and A € 3,
v ) )
gagaxh(y, A) = (ib(y) — N)Oxh(y, A) + " (y)Oxp(y, A) = h(y, A), (78)

(—k* + ag)éhgo(y, A) = O\h(y, A).

The desired bounds (7.3)—(7.4) follow from (7.6), (7.8), the limiting absorption principle, and (7.7). The
Proposition is now proved. O
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8. Decay of Semigroups Using Resolvent Bounds

In this section we prove a quantitative bound on the decay of bounded semigroups using resolvent esti-
mates, which is of independent interest. The main theorem and its proof are modifications of a similar
result in Wei [44] (see also the earlier work of Helffer and Sjostrand [22], and the more recent [23] which
contained a more general form the estimates below, with sharp constants). The key difference with [44] is
that we do not assume the operator which generates the semigroup to be “accretive”, and instead require
the semigroup to be bounded to begin with. The formulation allows a wider range of applications than
semigroups generated by accretive operators.

Theorem 8.1. Assume that pu > 0, M > 1. Suppose that X is a separable Hilbert space, and the linear
operator A : D(A) C X — X s densely defined and closed. Assume that A generates the bounded
semigroup et t > 0 with the bound

A
le™ ] x_x < M. (8.1)
Assume that for X € R, i\ — A : D(A) — X is invertible and we have the resolvent bound
A=)y < u 52

Then we have the decay estimates for the semigroup et t > 0,

el x < CoMe™, (8.3)
for a universal constant Cy > 0.
Proof. By renormalization, we can assume that g = 1. Assume that Cy > 10 is sufficiently large, then in
view of the bound (8.1) it suffices to consider ¢ > 20. We choose a positive number L > 2 whose value is

to be determined below. For t > 5, fix ¢ € C([0,t + L]) with ¢(0) = ¢(t + L) = 0. For any = € D(A)
with |lz]|x = 1, set

g(t) = e, (8.4)
Direct computation shows ¢(t)g(t) satisfies the equation
9 (e(t)g(t)) — A(e(t)g(t)) = ¢'(1)g(t). (8.5)
Taking Fourier transform in ¢ € R, we obtain that
(ir = A)Pg(r) = ¢g(r), TER (8.6)
From (8.6) we conclude that for 7 € R
125 (lx = ||ir =07 g )|, < |[Fa )], - (8.7)

which implies (by Parseval’s identity) that

t+L t+L
/ o (s)Pllg(s)I% ds < / &' ()19 ()1 ds. (8.8)
0 0

The inequality (8.8), which is analogous to the entanglement inequality (3.33), is very powerful in the
sense that by appropriately choosing ¢, it allows to connect the bounds on ¢(s) for s near ¢ with bounds
for g(s) near the initial time s = 0.

Define o(s) for s € [0, + L] as

8; t)l[t,t_;,_L](s). (8.9)

w(s) = slpp,1y(s) + 68711[1,1:] (s)+e 11—
By (8.8), we have

t+L 1
[ me—W@mmm&msWAu—&wSM? (.10)
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For s € [t,t + L],
lo(s)[* = |/ (s)> = et [(1 by i}, (8.11)

therefore using the semigroup bound (8.1), we have the bound

t+L
/t (“P(S)F - |50'(s)|2)\|g(5)”g( ds

t+1 t+L
= M=2lg(t+ D% (le(s)]* = ¥ (5)]%) ds—/t+L 1\|<P(S)\2—\80’(8)\2|J\42H9(t+1)||§cds

1 1 1 M?
2 2(t—1 2
> e+ DI 35 (0 - - 72) - = )
(8.12)
Taking L > 10M?, then we obtain that
e 2 2 2 1 2 2(t—1
/ —
| UeR = @)l ds > gozglate + e (313)
which together with (8.10) implies that
lg(t + 1)||%e2 1 < 20M*, (8.14)
Consequently we obtain that
lg(t+1)|% < 20e*Mre?" (8.15)
The theorem is proved. (I

9. Proof of the Main Theorem

In this section we give the proof of Theorem 1.3, using Proposition 1.4. Denote € = v/k. For the sake of
concreteness, we assume that € > 0, as the other case is completely analogous.

We begin with the proof of (1.27)—(1.28). Due to the similarity in the argument, we shall focus only
on the proof of (1.28) which is slightly more complicated. We use the representation formula (1.16), the
definition (4.1) for the kernel k. and Eq. (1.23) to obtain that

) 2 : @ v ’
Fr(tv) = = - " / O (0w, ) 0,8/ B+ ) 2L

p+iel/3
g [ O R~ v s T dot o.1)
= e / e e (w pro —w)(@,B" /B (p+ v - w’)G’“’;(f’;ng') dpdu’
n %e—ukzt /]Rz Rt (! prv — ) o Ji} — F0k2p++i:1; w') dpdu,

for v € R and ¢t > 0. Recall the Gevrey cutoff function ¥ from (4.2) and ¥U* from (6.9). Define the
localization functions for w, p € R,

gy (w,p) =1 =W(p), qr(w,p):= (1 =V (w))¥(p), q(w,p):=V"(w)¥(p). (9-2)
We define for t € {N, L} and v € R,t > 0,
- —vk?t

€

. @ v 9 -
Si(t,v) = - / ek w, piv = w) (9,B°/B")(p + v — wa (w, p) Q20— 0) 4y (9.3)

27 p+iel/3
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and for 1 € {1,2} and v e R,t >0

- —vk3t
ic " . O (pyv = w)
Si(t,v) == — 5 /]Rz * el (w, p v — w)(8,B* /B (p + v — w)‘l(“’»ﬂ)w dpdw.  (9.4)
Define also for v € R, t > 0,
1 e ; 1-¥(p—w) Foplp+v—w)
IV (t,v) == —e* t/ otk (w, ;v — dpd 9.5
e ()= e L el T e Pt (99)
and for v e R, >0
1 .2 ; U(p —w) For(p+v —w)
IE(tw) = —ev* t/ Rtk (w, p;v — dpdw. 9.6
k(7v) 2ﬂ_€ ]Rze (’UJ7p,’U w)(B*(p+’Uf’w))2 p+i€1/3 paw ( )
We can decompose
Feto)= > Sito)+ Y I(t). (9.7)
te{N,L,1,2} te{N,L}
It suffices to prove that for hy € {S,I :t € {N,L,1,2}} and hy € {IV, I}},
3(k&)2 7 oy ‘ < okt || 00k ‘ 98
e W) S e k()] g (9.8)
For notational conveniences, we denote for w, p € R,
Ee.s, (p,w) == 6760<571/3p,;1/3w>1/2671/3|w7p| (9.9)

For hy € {SY,SE, S}}, we can bound, using (4.5), (4.8), and the fact that 9, B* is compactly supported,
that for t > 0 and € € R,

| Ton(t,6))| Sefqut/ /3113 671/3w>1/2EE,60(p7waMM”Mdmwda. (9.10)

s ’ (p)
The desired bounds (9.8) for hy € {S¥, SE, S}} then follow from (9.10) and the bounds (1.30).
For hy, = S, we take Fourier transform and obtain that

a6 e R e = ktons )| (BOB) ()] @ (=1 = ca =76 = A= )] a=, (010)

where d= = daydasdfBdy. The desired bound (9.8) then follows from the bounds (1.30) and (4.9).
We now turn to the terms hy € {I ,év i kL} Fix a nonnegative Gevrey-regular partition of unity function
U? € C§°(—2,2). More precisely we impose

Y Ww-j)=1, forveR, (9.12)
JEZ
and
sup {e<5>3/4|/\11\1’(§)|} <1 (9.13)
¢ER
Denote for v € R and j € Z,
Fy(v) = For(0) ¥ (v = j)/(B*(v))*. (9.14)

We first treat the case when hy = I,iv. Define for j € Z, t > 0 and v € R,
1-U(p—w) Folp+v—w)

vkt TN - ikwt Sy — Ply — g
2me” s (tv) /Rze ke(w, p;v — w)WP(v j)(B*(ervfw))Q pErRYE dpdw
: 9.15)
. pItt _ (
= Z/ Pk (w, p;v — w) WP (v — §) [1—¥(p—w)|¥(p—w-— E)M dpdw.
R2 p+iel/3

LEZ
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Taking Fourier transform in v in (9.15) and using the bound (4.5), we obtain that for £ € R and ¢ > 0,

o~k t’ (t,€)]
<Z \k: (w, p;a)|[1 = ¥(p—w)|¥(p—w—¢ )|FJ+E( )ld dwda
=~ JHe—p\W, p5 & p— p— |p+ 61/3| P (916)
< Z / 67(50/2)<€*1/3w,e*1/3p>1/26*1/3750<a>1/21[_10710] (p—w— €)| Fg;e(g B a)| dpdwda
eez\{o} '

The desired bound (9.8) then follow from (9.16).
Finally we treat the most difficult case when hy = [ kL . We need a more precise understanding of the
singularity of k. (v, p; w). Decompose for v, p,w € R,
kc(v, p;w) := mc(v, p;w) + ne(v, p;w), (9.17)
where m. (v, p; w) satisfies for v, p,w € R,
0,B*(p + w) ) v
el 29, i |m (v, p;w
R - e LG
0,B*(p +w) 8,B*(v+ w) . v , v
= 761) — L 61) - + ke b ; )
O P R e ekl - s v e L T

and n.(v, p; w) satisfies for v, p,w € R

(9.18)

9,B*(p + w) ) v
€d? +e-L Oy — i
{ B*(p+w) (B*(p +w))?
For any wg € R and v, p,w € R, we set

ne(v, piw) = (p +ie"*)3(v — p). (9.19)

Me o (V5 ;W) 1= me(v, p;w) ¥ (w — wo). (9.20)
It follows from the bound (4.5) that for v, p,w,wp € R and £ € R,
| Tieny (0,5 €)| S €30 — pl (/3 p)1/2e 0ol Ppe o BT ol =0 (6) 2, (9.21)

To study the property of n., we take Fourier transform in v in the Eq. (9.19) and obtain that for

p,w,§ €R,

[— €€® +i 5 Bp+w) " O 2} T (&, pyw) = (p+ i€t/ 3)e 8, (9.22)
Br(p+w)  (B*(p+w))

Therefore, recalling the definition (4.41), we get that for p, w,£ € R,

(€, pyw) = _(p_|_2-€1/3)/oo e~ (€/3)(F* ~€) (B" (ptw)) +i(e/2) (v ~€2)(B*9B") (pw) g =in7 gy
3

- (9.23)
= —(p+i61/3)/ Eup(7, €, p +w)e™ 7 dy.
3
Define for g € {m,n},
—vk?t
e , For(p+v —w)
I9(t,v) == kwty (w, piv —w)W(p —w)—2 T dpdw. 9.24
)= G [ e, pro — )W — )L (9.24)
We decompose for t > 0,v € R,
I{ (t,0) = I (t,0) + IR (8, 0), (9.25)
and set for j € Z,
It 0) = I (o) ¥ (v — ), I () o= I (8 v) ¥ (v — ). (9:26)

It suffices to prove (9.8) for hy € {I}*,I}'}.
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Taking Fourier transform in v in (9.24) and using the estimates (9.21), we obtain that for t > 0, € R
and j € Z,
i
7| G 73 )| dpdwdo
o+ i€t/7] (9.27)

< / e 2B)p —wl(e V3 )V 20(p — w)E. 5, (p, w)e % /2‘ FJ, (€ — a)| dpdwda.
R3

euk2t| T;?j(t»@‘ < /R3 | e j—p(w, p; ) [ ¥(p — w)

It follows from (9.27) that for t > 0, € R and j € Z,
— k2 _ _ _ /2, &
T O] S e [ (V3250 ™| B¢ — a)]| dpda. (9.28)

The desired bounds follow from (9.28) in the case of I},
We finally turn to the term I}}, which [using (9.23)] can be reformulated as

- wtion ¥
2me U0 1,0 = [ Tt pro = wpetvr e U R (5)90 ) dpdudads
4

ptiet)? - (9.29)
— [ DBt o e - ) B (8)ee )
where d= = dy]l;pdwdadﬂ. Define for j € Z and ~, o, w € R,
Egp(%mw) = Epp(, o, w) ¥ (w — j). (9.30)
We have the bounds for v, o, a € R,
/ o7, w) —iwa dw‘ < e~doe(r’—a®) ;=0 (a)/? (9.31)

It follows from (9.29) and (9.31) that for t > 0,¢ € R,
TL _ o 1/2) =+
REFICAIIPS /R e ol B B ()| dpdn. (9.32)

The desired bounds (9.8) for I} follow from (9.32).

The enhanced dissipation estimates (1.27) then follow from (1.28), Proposition 5.3, bound (5.3), and
Theorem 8.1.

Finally we notice that (1.29) follows from the formula for v € R, ¢ > 0,

By(t,v) = / Gi (0,0 ) Fi (£, 0 )= 10 =) gy (9.33)
R

and the bounds on the Green’s function Gi(v,v’), see Lemma 2.2. The proof of Theorem 1.3 is now
complete.
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