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Abstract

We study the asymptotic behavior and the asymptotic stability of the two-dimensional Euler equations
and of the two-dimensional linearized Euler equations close to parallel flows. We focus on spectrally stable
jet profiles U (y) with stationary streamlines yo such that U’(yo) = 0, a case that has not been studied
previously. We describe a new dynamical phenomenon: the depletion of the vorticity at the stationary
streamlines. An unexpected consequence, is that the velocity decays for large times with power laws,
similarly to what happens in the case of the Orr mechanism for base flows without stationary streamlines.
The asymptotic behaviors of velocity and the asymptotic profiles of vorticity are theoretically predicted and
compared with direct numerical simulations. We argue on the asymptotic stability of these flow velocities
even in the absence of any dissipative mechanisms.

1 Introduction

The flow of a perfect fluid is described by the Euler equations, one of the oldest equations of mathematical
physics [25]. Four century after their discovery by Euler, these equations still propose big challenges both
to mathematician and physicists [25]. Two-dimensional flows and the two-dimensional Euler equations are
mathematically much simpler than their three dimensional counterparts, but still present some very interesting
unsolved problems. One of the main phenomena for two-dimensional flows is the self-organization of coher-
ent structures [37, 45, 36, 55, 50, 35| : monopoles, dipoles, and parallel flows. Such large-scale structures
are analogous to geophysical cyclones, anticyclones, and jets in the ocean and atmospheres. This analogy,
understood thanks to the theoretical strong similarities between the 2D Euler equation on one hand and the
Quasi-Geostrophic or the Shallow Water models on the other hand, is one of the main motivations for the study
of the 2D Euler equations. The 2D Euler equation also describes experimental flows : the transverse dynamics
of electron plasma columns [48], the dynamics of fluids when three-dimensional motion is prevented by a strong
transverse field (rotation, a transverse magnetic field in a liquid metal, etc. [55],) or the dynamics of fluids in
very thin geometries [43].

Because large-scale coherent flows appear spontaneously, their stability is a crucial problem. Moreover, the
study of the dynamical mechanism close to such flows describes the relaxation to them. In this paper, we consider
steady parallel base flows vo(x,y) = U(y)e,. We prove that these flow velocities are asymptotically stable!, that
is that all the solutions to the nonlinear Euler equations that start out near vy converge to some other parallel
flows vo + 0U (y) ey, close to vo. Our analysis mostly relies on the linearization of the Euler equation close
to the base flows, which we prove to actually describe also the nonlinear relaxation. We quantitatively prove
that the perturbation velocity decays algebraically. An important improvement over the previous works is the

IThis convergence makes the notion of asymptotic stability stronger than the alternative Lyapounov stability, that state that
all solutions of the nonlinear equations that start out near a steady point vg stay near vg forever. The asymptotic stability of the
velocity refers to asymptotic stability in the kinetic energy norm.
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understanding on the case when the velocity profile U (y) has some stationary points yg, U’ (yo) = 0, which has
not been elucidated even qualitatively previously.

Besides the stability and the asymptotic stability problem itself, the evolution operator for the linearized Eu-
ler equation plays a very important role in different statistical approaches to turbulent flows [21, 18, 28]. Indeed,
in a turbulent context, it is likely that the qualitative or quantitative properties of the fluctuations around such
stable structures are related to the linearized dynamics. For instance, in quasi-linear approaches or second order
closure of the evolution of the Euler equations, point vortex model [21], or of the Navier-Stokes equation (either
forced or unforced, and either deterministic or stochastic,) the linear operator appears naturally as an essential
theoretical tool. Similarly, in the forced problems, in the linear regime, the response can be easily expressed in
terms of the evolution operator for the linearized dynamics or of the resolvent operator for the dynamics. The
behavior of such operators for large times is thus a very important issue that has many theoretical and dynamical
consequences. In this work, we quantify very precisely the large time asymptotic behavior of the evolution op-
erator for the linearized 2D-Euler equations, and discuss briefly some of the implications for the above problems.

The stability of the large-scale coherent structures of two-dimensional flows is a very old and classical field
of fluid mechanics. For instance Rayleigh [44], Kelvin [56], Orr [42], Sommerfeld [54] and many other famous
scientists from the nineteenth and the beginning of the twentieth century have participated to the understanding
of the linear theory for the 2D Euler equations close to parallel flows. Mathematicians gave also important
contributions : Arnold’s theorems [2] and some modern generalizations [60, 52, 23, 16, 9] prove the Lyapounov
stability of some of these flows ; recently many works have been devoted to the proof of the instability of some
classes of flows, the characterization of the spectrum of the linearized equations, and some estimates on the
stability and the instability of such flows; see for instance [29, 51, 30] and references therein.

Our work is based on the linearized 2D Euler equations. The Rayleigh equation [44], which describes modes
for the linear dynamics, has been a subject of mathematical and theoretical research since the beginning of the
twentieth century [20], and is still currently active. The main interest lies in the dynamical phenomena associated
with the singularities at the critical layers (the singularities appearing when the frequency of the perturbation
is equal to that of a closed streamline of the base flow). However, the modes of the Rayleigh equation do not
describe the fully linearized dynamics, because the linear operator is non-normal [27]. Among the peculiarities
of the linearized Euler equations, we stress the Orr mechanism [42]: the base flow shears the perturbation
producing thinner and thinner filaments ; then when the velocity or the streamfunction is computed, the effect
of such filaments being smoothed out, the perturbation velocity decays for large times. This mechanism is easily
quantified when the shear is linear [42], or using for instance Kelvin waves [56] for viscous flows. Case [17] and
Dikii [19] were the first to stress that in general, for inviscid flows, such a phenomenon is outside the scope of
a modal description using the Rayleigh equation. When the shear is linear, using a Fourier-Laplace transform,
the dynamics of the perturbation is properly described in the framework of an initial value problems. They
concluded that the perturbation velocity decreases asymptotically with an algebraic law for large times. Other
phenomena associated to the non-normality of the linear operator include possible transient growth [26, 59, 1],
inviscid damping (the counterpart of Landau damping in plasmas), axisymmetrization [47, 33], and algebraic
instabilities [41]. From a mathematical point of view, the singularities at the critical layers lead to the existence
of a continuous spectrum for the linearized Euler equation. The analysis of the properties of this continuous
spectrum explains most of these transient growth, inviscid damping, algebraic instabilities, and so on.

From a theoretical point of view, one class of works used the Laplace transform tools [4, 48], following the
initial works of Case [17], Dikii [19] and the generalization to non-uniform shear by Briggs-Daugherty and Levy
[11]. Another class of studies, less general but very enlightening, used simple or particular base flows or special
conditions for which explicit computations are possible [56, 42, 61, 26, 57, 13, 14, 15, 41].

In this paper, we are especially interested in the precise description of the large time asymptotic behavior of
the 2D Euler and 2D linearized Euler equation close to the parallel base flows. For stable base flows, once the
contribution of possible neutral modes has been subtracted, the asymptotic behavior is related to the continuous
spectrum of the linearized operator. In the case of the base flow with a linear shear, U (y) = oy, the explicit
computations by Case [17] showed that, due to the Orr mechanism, for large times the velocity perturbation
decays algebraically :

C(y) Cy)
Vs e e A0, T (1)
with exponents o = 1 for the longitudinal component v, of the velocity perturbation and 8 = 2 for the

transverse one v,. For more general base flows with strictly monotonic profiles U (y) (without stationary
streamline), from classical arguments [46, 11] using the Laplace transform, we conclude that the contribution
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of the continuous spectrum to the stream function perturbation ¢ and the transverse velocity perturbation v,

decays with o @ (%) and vy o @ (%) Except for the case of a linear shear cited above [17], we have

found no proofs in the literature for the exact values of the exponents v and 3. It is however a common belief
that the exponents @ = 1 and 8 = 2 remain valid in the case of a monotonic profile. This belief is based on the
results of an ansatz for large time asymptotics [12] (see also [34], appendix A). In the case of a circular vortex
base flow, we refer to [7], where the far field velocity is shown to decay with other exponents.

From Lundgren work ([34], appendix A), we see that the preceding algebraic decay for the velocity may be
related to the following asymptotic behavior for the perturbation vorticity :

o(t) o e (kU0 +0 (). )

t—

where k is the initial perturbation wave number. Indeed, computing the velocity from Lundgren’s ansatz
(equation (2)) and assuming uniformity in the asymptotic expansion, we obtain oscillating integrals leading to
algebraic decay for large times. The values for the exponents & = 1 and 3 = 2 are then related to the singularities
of the Green function used in order to compute the vorticity perturbation from the velocity perturbation. This
argument, assuming Lundgren’s ansatz, suggest that the asymptotic behavior for the velocity should be different
for velocity profiles U(y) with stationary points yo (U’ (yo) = 0). Actually, in such a case, the stationary phase
approximation of oscillating integrals would generically give 1/ V/t contributions. It has been noticed by several
authors, that Lundgren’s ansatz does not seem to be self-consistent in such a case [12, 15, 13]. This has also
been noticed by Brown and Stewartson [12], as their ansatz clearly breaks down where U’(y) = 0. Besides
Lundgren and Stewartson, many authors have insisted on the specificity of base flow profiles with stationary
point (see for instance [15, 13, 31]). The asymptotic behavior of the vorticity and velocity perturbations of this
last case remains unstudied. This is an important problem, as the decay exponents for the velocity perturbation
plays a crucial role in kinetic theories, or quasi-linear theories or closure approaches to two-dimensional flows,
as discussed above.

Most of the previous works have studied only monotonic velocity profiles U (y) for parallel flows and mono-
tonic angular velocity profiles U (r) /r for circular vortices v (r) = U (r)eg. In natural flows, however, the
velocity profiles of jets are usually not monotonic but have some extrema, i.e. stationary points g such that
U'(yo) = 0 2; for instance, Jupiter, atmospheric, and ocean jets. Why the case with stationary points have
not studied? This may be partially on account of the wrong belief that base velocity profiles with stationary
points should be unstable. It is true that they do not fulfill the classical Rayleigh-Fjgrtoft criteria [20]. How-
ever, these criteria are only sufficient conditions of stability; as seen in natural flows and shown bellow with
several examples, many parallel flows with stationary points in their velocity profile are actually stable. That
may be also due to the theoretical difficulty with Laplace tools, related to the presence of stationary points
(merging of critical layers). Indeed, an essential tool for the Laplace transform is the analytic continuation of
dynamical quantities, performed by avoiding the singularities associated to the critical layers, with the use of
integration in the complex plane for the spatial variable [20]. As will be discussed bellow, in the case of flows
with stationary points, one would need to pass both above and bellow the singularity at the same time, and
such a procedure is impossible. For this reason, it has often been stated that Laplace tools cannot be used in
such a case. By contrast, we illustrate in this work that even if analytic continuation can not been performed
in this way, Laplace tools are still very useful and lead to very interesting results.

In the past, there have been only a few studies considering base velocity profiles with stationary points.
In the case of the equations for 2D barotropic flows on a 3 plane (a direct generalization of the 2D Euler
equations), Brunet and coauthors [15, 13] have studied the dynamics close to a parabolic jet when the vorticity
gradient exactly cancels the 3 effect. This case is similar to the linear shear case in the Euler equations studied
by Kelvin, Orr, Case and others [56, 42, 17, 57, 26], in that the vorticity gradient exactly cancels out, which
makes the linearized equation much simpler and amenable to an explicit analytic treatment. In the following,
we will argue that, because of the cancellation of the vorticity gradient, the dynamics of these cases is actually
non generic. For circular vortex base flows, an example of non-monotonic angular velocity profile has been
studied [41], based on a special explicit solution [53]. This example shows a very interesting algebraic instability
with t1/2 growths. In the following we will consider the generic case of a parallel flow with any profile, either
with or without stationary points, improving by far the class of studied flows. We will also discuss possible
generalizations to monopole vortices.

2These are stationary points of the profile, not of the flow itself
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Figure 1: Evolution of the vorticity perturbation w(z,y,t) = w (y, t) exp (ikz), close to a parallel flow vo(x,y) =
U(y)e, with U (y) = cos (y). The figure shows the modulus of the perturbation |w (y,t)| as a function of time
and y. One clearly sees that the vorticity perturbation rapidly converges to zero close to the points where
the velocity profile U (y) has extrema (y = 0 and 7). This perturbation vorticity depletion is a new generic
self-consistent mechanism, understood mathematically as the regularization of the critical layer singularities at
the edge of the continuous spectrum.

In this paper, we show how the Laplace transform is generalized to the case of base flow with stationary
points. For instance, we show how the classical determination of the number of unstable modes, by using
Nyquist’s plots, remains valid in this case. From this general theoretical approach, we prove that the asymptotic
vorticity field actually follows the Lundgren’s ansatz (2), even in the case of a base profile with stationary
points. Similarly the velocity field decreases also algebraically with the power laws (1), with o = 1 and 8 = 23.
This may seem paradoxical, after the discussion of the preceding paragraphs. Indeed, the naturally expected
1/+/t contributions from the stationary phase arguments do not exist. One reason is the non-uniformity of
the asymptotic expansion in Lundgren’s ansatz. Another more important reason is related to a new dynamical
phenomena leading to the rapid decrease and cancellation of the vorticity perturbation exactly at the stationary
points (see Fig. 1), which partially erase the effect of the stationary phase. We call this phenomena vorticity
depletion at the stationary streamlines. This is a non-local collective phenomena, due to the effect of the
perturbation velocity on the background vorticity gradient. For this reason, this phenomena has not been
observed in the previous studies of base profile with stationary points [15, 13, 31]), in the non-generic case when
the total vorticity of the base flow exactly cancels.

In the following, we predict the vorticity depletion at the stationary streamlines using Laplace tools. It is
thus a generic effect in any type of non-monotonic stable base flows. We also illustrate the results by direct
numerical simulations in the case of Kolmogorov base flow U(y) = cosy, for the 2D Euler equations with periodic
boundary conditions. Even if we do not explicitly treat the case of stable circular vortices v (r) = U (r) eg in the
present study, the generalization to this case could be taken following similar theoretical arguments as discussed
in the conclusion. This vorticity depletion mechanism also impacts turbulent flows where the perturbations are
locally governed by the linearized equations, as discussed in the conclusion.

Having established the large time asymptotic contributions, by the continuous spectrum, to the vorticity
(2) and to the velocity fields (1), we are able to discuss the asymptotic stability of the velocity of parallel base
flow. The result is that parallel base flows which have no mode (neither stable nor unstable) are asymptotically
stable : any small perturbation leads to a small deformation of the base flow, the perturbation velocity to
this new base flow decaying algebraically. Stable Kolmogorov flows are examples of base flows without modes,
illustrating the importance of this class of flows.

3An exception is the velocity field close to the stationary streamline, where we have no theoretical prediction, but where we
observe numerically that either « =1 and 8 =2 or a = 8 = 3/2 depending on the symmetry of the perturbation.
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In section 2 we introduce the 2D Euler equation and the linearized Euler equation. Section 2 describes the
theory related to the linearized Euler equation. We discuss the main results about the asymptotic behavior of
the vorticity and velocity fields in section 2.2. The core of the proof relies on the results of the analysis on the
limit of small e for the resolvent operator in section 2.3.

These results are illustrated in the case of doubly periodic boundary conditions, with the Kolmogorov flows
as a base flow, in section 4. For some aspect ratio, these flow are stable even if they do not fulfill the hypothesis
of any of the two Arnold’s theorems. Applying Arnold’s ideas to this case, we first prove their Lyapounov
stability in section 4.1. In section 4.3, we show the results of direct numerical simulations of the 2D Euler
equations (nonlinear), which both illustrate the theoretical results of section 2, and show that the linearized
dynamics correctly describes the nonlinear one.

Section 3 discusses the asymptotic stability of parallel flows for the Euler equation. Section 5 discusses briefly
some consequences of these results for the 2D Euler and Navier-Stokes equations with stochastic forces and for
possible theories relying on a quasi-linear or kinetic approach. It also discusses some possible generalizations to
models of interest for geophysical flows.

2 The 2D Euler and linearized Euler equations

Let us consider the Euler equations

00
— +V.VQ =
B + V.V 0, (3)

where ) is the vorticity and V is the velocity. We consider this equation either in an infinite plane, in a
channel geometry with boundary conditions V.n = 0 on the boundary wall, or on a doubly periodic domain
(0,27/8) (0,27), where 6 > 1 is the aspect ratio. In some parts of the discussion, for technical reasons the
boundary conditions will be important. Then only the case of a doubly periodic domain will be explicitly
treated. However all the results are applicable to the channel and infinite domain geometries.

We study the asymptotic stability of parallel flows vo=U (y) e,. We will thus consider the Euler equations
(3) with initial conditions close to this base flow : 2 = wy + w and V = v + vq, where wg (y) = —U’ (y) is the
base flow vorticity and w and v are the perturbation vorticity and velocity, respectively.

We also need to consider the linearized Euler equation close to this base flow. It reads

((;—L: + v.Vwg + vo.Vw = 0. (4)

We assume that the base flow U (y) has no unstable mode (a precise definition of modes will be given along
the discussion). In section 4 we will illustrate some of the results on the particular case of the Kolmogorov flow
U(y) = cosy (in a doubly periodic domain).

2.1 The Laplace transform, resolvent operator and Rayleigh equation

In this section and the following we consider the linearized Euler equation. We give the main definitions used
later on in the discussion.

We decompose the perturbation vorticity in Fourier series for the x variable only. For parallel flows,
due to the translational invariance, these Fourier modes are independent one from the others for the lin-
ear dynamics. In the following, we thus study perturbations of the form w(xz,y,t) = wi (y,t) exp (ikxz) and
Y(x,y,t) = i (y,t) exp (tkxz), where ¢ is the stream function, with w = At and k is the longitudinal wave
number. In the following, we drop the k subscripts for the perturbation. The relations between w, v and v are
then

d? d
w = d_;f — k2, v, = fd—;” and v, = iki. (5)
The linearized Euler equations then reads
ow . ) "
o TIRU (y)w — ikypU" (y) = 0, (6)



hal-00382670, version 1 - 10 May 2009

We will study the long time asymptotics of the linearized equation. The more general approach is to use
the Laplace transform of equation (6). We define the Laplace transform & of w as

@ (y,p) = /OOO dtw (y,t)exp (—pt)

The Laplace transform is analytic for any complex number p for sufficiently large real part Rp. The inverse
Laplace transform is given by

21

where the complex integration is performed along a Bromwich contour I' in the complex plane of p. In the
following we use the notation p = —ik (¢ + i€) where ¢ and e are real numbers ; ¢ and € are homogeneous to
velocities. We assume k > 0. The Laplace transform @ is thus analytic for sufficiently large e.

The Laplace transform of equation (6) reads

W%U:LA@WMMWW) (7)

Ul) e~ i) s~ 0" ()6 = L0, 0

where ¢ = 7,/; is the Laplace transform of ¢ and w (y,0) is the initial value for the vorticity field. We have

d*¢
Z k2
dy? ¢

o =

From a mathematical point of view, we have to solve the equation for ¢

G u” _ w(®0)
(d_yQ_k)¢_Ucie¢_ik(Ucie)’ ©)

with the boundary condition for ¢ (here ¢ doubly periodic). The solution of this boundary value problem
@ [w(.,0)] (y,c+ie) depends functionally on the initial value of the vorticity w (y,0) (¢ is the resolvent operator
for the stream function). This resolvent operator encodes all the information about the temporal evolution of
the stream function and the vorticity field.

The homogeneous part of equation (9) is the celebrated Rayleigh equation. It is also the equation for modes
(¥ = ¢ (y) exp [ik (x — (c + i€) t)]) of the linearized Euler equation (4). It reads

(d—2 - k2) R — v ¢ =0, (10)

dy? —c— 1€

with the flow boundary conditions. For neutral modes (e = 0), this is a non-classical boundary value problem,
because of the possible singularities associated to the vanishing of U — ¢. Any y. such that U (y.) = ¢ is called
a critical point for the velocity c¢. For any ¢, the free motion on the streamline y = y. is called the critical layer
and has exactly the frequency kec.

Any yo such that U’(yp) = 0 (no shear, for instance for velocity extrema) is called a stationary point of the
jet profile, corresponding to a stationary streamline. We then call ¢, = U (yo) a stationary velocity. If yo is a
local extrema of U, we note that when y — yo (or equivalently ¢ — ¢ = U (yp)), two critical layers, one on
each side of the velocity extrema, merge on a single one.

The range of the profile U is the ensemble of velocities ¢ such that min, U (y) < ¢ < max, U (y).

In the following we assume that the base flow is spectrally stable, i.e., no unstable mode exist, which means
that no solution to (10) exist for any ¢+ ie with strictly positive € > 0. Then, as shown in section 2.3, equation
(9) has a unique solution for any ¢+ ie with strictly positive e > 0. We also assume that no neutral mode exist,
which means that no solutions to (10) is found in the limit ¢ — 07 (a more precise definition will be given bellow
in terms of the dispersion relation). This no mode assumption for equation (6) may seem strange, but it is
indeed a generic situation when such flows are stables. For instance, in section 4, we prove that this hypothesis
is verified for the Kolmogorov flow U (y) = cos (y) as soon as the aspect ratio ¢ is larger than 1.

The case where neutral modes exist could be treated following the same lines as what will be discussed
bellow ; one would then have to separate the contributions by the neutral modes from the contributions by the
continuous spectrum. The following discussion analyzes the contributions by the continuous spectrum only.
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2.2 Large time asymptotic for the linearized Euler equation

In this section, we predict the large time asymptotic of the linearized Euler equation, using Laplace transform
tools. We prove results (1) and (2) and the mechanism of vorticity depletion at stationary streamlines. The
heart of the proof relies on the study of the effect of critical layers, on the inhomogeneous Rayleigh equation
(9), in the limit € goes to zero. This rather technical part is performed in section (2.3).

The results of section (2.3) are that the resolvent streamfunction ¢, solution of (9), has a finite limit for
small positive € :

¢ (ya c+ ZE) ej)+ ¢+ (yv C)? (11)

even if singularities exist due to the critical layers. We prove that for any y, ¢+ (y, ¢) is twice differentiable with
respect to ¢, except for velocities ¢ that are in the interior of the range of U. In this last case, for velocities ¢
that are not stationary, ¢ is twice differentiable, except only for ¢ = U (y), where ¢ is continuous but not
differentiable there, and has a logarithmic singularity : for fixed y ¢4 (y,¢) = A¢. (¢ — U (y))log (¢ — U (y)) +
R (y,c), where R (y,.) is an analytic function of . When ¢ = ¢y is a stationary velocity, ¢+ (y, ¢o) is differentiable
with respect to c.

We think that all of the steps of these proofs could be easily made rigorous from a mathematical point of
view, by making explicit the required hypothesis. An exception is for the limit of ¢ in the case of critical layers
for stationary points. We actually prove in the following that a limit solution exist for ¢ = 0, but we do not
prove the convergence to it when € — 0. In order to deal with this small gap in the proof, we will show, by
numerically computing ¢ (y, €), that this convergence actually takes place.

These results (the limit and its properties) are the difficult aspects of the discussion, from a mathematical
point of view. Their technical proof can be skipped at a first reading, the next sections can be read independently
by assuming these results. The discussion then follows by performing the inverse Laplace transform and proving
results (1) and (2) in sections 2.3.4 and 2.3.5.

2.3 Limit for ¢ — 0" of the resolvent operator
2.3.1 The dispersion relation

The equation defining the resolvent operator for the stream function (9) is of the type

d*¢
) +q(y)e = f(y) (12)
Y
with ¢ = =k —U"/(U — ¢ —ie) and f = w(y,0)/ik/(U — c —ie). This is a boundary value problem. In order to
be precise, we treat the case of a doubly periodic domain with the period 27, although that is easily generalized
to the case of a flow in a channel y € (a,b) with the boundary conditions ¢(a) = ¢(b) = 0.
For € # 0, the differential equation is not singular. We consider the homogeneous equation
d*¢
— =0. 13
g2 Tawe (13)

We consider two independent solutions to (13) : ¢y is defined by ¢1 (0) = 1 and ¢} (0) = 0, and ¢2 is defined
by ¢2 (0) =0 and ¢4 = 1 (here and bellow, primes are derivatives with respect to y). The classical variation of
the parameter then insures that a particular solution to (12) is

¢p(y)</0y¢zf) b1 () + (/jw) b2 ().

¢5 = ¢p + ag1 + boa, (14)

where a and b are unknown constants. The necessary and sufficient conditions for ¢ to be periodic are that
#(0) = ¢ (2m) and ¢'(0) = ¢’ (27). These conditions read

and a general solution is

u(i)- () - (U S5) @

7
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This system has a single solution if and only if the determinant of M is nonzero, which gives the dispersion
relation

D (c+ie) = [¢1 (2m) — 1] [¢5 (27m) — 1] — ¢} (2) ¢z (2) = 0. (16)

The existence of modes (nontrivial solutions to (13)) is then equivalent to the zero values of the dispersion
relations. When no mode exist, D is nonzero and (12) has thus a unique periodic solution ¢, (14), with a and
b the unique solution to (15).

Turning back to the inhomogeneous Rayleigh equation, the preceding discussion applies as soon as € # 0. We
assume that no unstable mode exists, then D (¢ + i€) is nonzero. Then the inhomogeneous Rayleigh equation
has a unique solution for any ¢ + ie, for nonzero e.

The limit € — 0 of ¢ (¢ + ¢€) is nontrivial due to the existence of critical layers y. (¢), for which the Rayleigh
equation becomes singular. We study this limit in the following sections.

2.3.2 Limit ¢ — 07 for isolated critical layers

We consider fixed values of ¢ which are on the range of U : min, {U (y)} < ¢ < max, {U (y)}. In such a case, for
any value of ¢, there exist one or several points y; such that U(y;) = ¢. The inhomogeneous Rayleigh equation
is then singular at such critical layers. We discuss in this section the case U’(y;) # 0 (isolated critical layers).
The case U'(y;) = 0 will be treated in the next section.

In order to properly study the limit e — 0, we first build a solution to the homogeneous equation (10), which
is regular at one of the critical layers y = y;. We define ¢, (y, ¢) as the solution to (10) with ¢, (y;,¢) = 0 and
.. (y1,¢) = 1. From (10), we have ¢, (y;,¢) = U" (1)/U" (y.). We then have the expansion

U" (yi(c))
2U" (yi (c))

It can be shown that the solution ¢, (y, ¢) is an analytic function of y in the vicinity of y;, if we suppose that
U (y) is analytic in a vicinity of y;. Moreover, from the definition U (y; (¢)) = ¢, because U’ (y;) # 0, then y; (¢)
is analytic in a vicinity of ¢ and dy;/dec = 1/U’ (y;). The solution ¢, (y,¢’) has then an analytic continuation
for complex ¢’ in the vicinity of c.

O (y,0) =y =i (c)) |1+ (y—wi(c)+oly—w) (17)

A classical result of the theory of differential equation of second order is that, if we already know a solution
¢, all other solutions ¢ is expressed in terms of ¢, by quadratures. The recipe for this is to look for solutions
under the form ¢ = u¢,, look for the equation verified by u and integrate it. We apply this recipe to the
inhomogeneous Rayleigh equation (9). Then any solution ¢ to (9) is expressed as

6() =d¢r<y>+¢r<y>/y et 7)

Yo d)%

[ W (y2,0) & (y2)
fy) = /y W U ) — e — ie)’

with (18)

and where d and e are constants.
We study the behavior of the previous expression close to y;. We first note that f is analytic close to y;.
Then using the expansion (17), we conclude that

oy, c+ic) = dop(y, c +i€) + gpr(y, c +i€) log (y — yi(c + i€)) + edqy (y, ¢ + i€) + ¢ (y, ¢ + i€) (19)

where ¢, and ¢, are analytic functions of y close to y;, and where g is a constant that depends on f(y;), f’ (1)
and e.

The interpretation of (19) depends on which determination of the logarithm we use. Using dy;/dc = 1/U’ (y;)
(discussed above), we have y; (¢ + i€) = y; (¢) + ie/U’ (y;) + o (¢). We choose a determination of the logarithm
such that log (y — yi(c) — i€/U’ (y;)) remains analytic for positive e. Then the study of the limit ¢ — 0 of
equation (14) is easily done, we denote this limit ¢ (y, ¢+ ¢0). Using that ¢, and ¢, depends analytically on c,
we obtain

Py, ¢ +i0) = dor(y, c) + gor(y, c)log |y — yi| + edg (y,¢) + ¢n (y,¢) for y >y and (20)
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By, ¢ +10) = (d — imsgn (U’ (n1)) 9)dr (y, ¢) + gér(y, ¢) logly — wi| + edg (y,¢) + o (y,¢) for y <y (21)

where sgn (U’ (y1)) is the sign of U’(y;).

From this, we conclude that, for given d and e, the solution to the inhomogeneous Rayleigh equation (9)
converges, for ¢ — 0, towards a function ¢ (y, ¢+ i0), which is an analytical function of y, except for y = y;
where it has a logarithmic singularity. It is continuous at y = y;. This result is valid close to a single layer y;.
If two or several critical layer y;; exist in the interval y € (0, 27), then the result is easily extended, and holds
with a singularity at each critical layer.

Is this result also true for the solution ¢, (y, ¢+ i€) of the inhomogeneous Rayleigh equation with boundary
conditions 7 In order to answer this, we now turn again to the construction of section 2.3.1. The result of the
previous paragraph is applied alternatively to ¢1(y, c+ i€), ¢2 (y, ¢+ i€) and to ¢,(y, c + i€). We thus conclude
that all these three functions have well-defined limits for ¢ — 0%, and that these limits are continuous functions
of y, which have logarithmic singularities in their derivative for each critical layer. We can then extent the
definition of the dispersion relation to € — 07 with Dy (¢) = lim,_,g+ D (¢ + i€). Dy (c¢) verifies (16) for which
we have proved that all terms have a finite limit when ¢ — 07. Then we conclude that the two parameters a
and b in equation (14) have finite limits when ¢ — 0%. These limit values are given by equation (15), where
each term has a finite limit.

We thus conclude that the solution to the Rayleigh equation with boundary conditions ¢, (y,c + i€) has
a finite limit ¢ (y,c) for ¢ — 0. Moreover, ¢4 (y,c) is a continuous function of y that has a logarithmic
singularity at each critical layer, giving a finite jump for the first derivative.

Let us denote A¢4 this jump. From the previous analysis we know that

b1 (y,0) =a+b(y—u)+Adr(y —y)logly —yil + O (y — ) (22)

Using this expansion, a direct analysis of the dominant term in (9) leads to

w (y1,0) +ikU" (y1) ¢+ (1, C).

B0+ = U (31

The jump in the derivative thus depends on the value of ¢ which is a non local quantity (¢4 depends on the
whole profile U).

Because ¢, and y; are analytic functions of ¢, the construction of ¢, can be extended analytically when c is
varied. Then from (22), using y; (¢/) =y (¢) + (¢ — ¢)/U’(y1), one sees that, for fixed y :

O+ (y,¢) = Ade (U (y) — ¢)log (U (y) — ¢) + ¢a (3, ¢), (23)
where ¢, (y, ¢) is analytic close to ¢ = U (y) and with

Ag, = DO+ _ w(®,0)+ikU" (y) ¢+ (.U (v))
CU(y) ik (U (y))?

(24)

We illustrate the preceding results with numerical solutions of the inhomogeneous Rayleigh equations on a
doubly periodic domain, and the base flow U (y) = cosy (the Kolmogorov flow).

We follow the algorithm described in section 2.3.1, that is, computing ¢1, ¢2, and ¢,, and then by using
them, computing the solution to the inhomogeneous Rayleigh equation for ¢’ = ¢ + ie for small but nonzero
value of €. In order to numerically compute the solution to the differential equations (for ¢1, ¢2, and ¢,), we
use an adaptive method to deal with the singularity close to the critical layers. An extreme precision is required
in order to obtain satisfactory results.

In order to test the quality of the numerical simulation, we compute the Wronskian W = ¢4 (y) ¢ (y) —
o2 (y) ¢} (y). From the general theory of differential equations of second order, we know that W does not depend
on y. Here, from the values of ¢; and ¢2 at y = 0, given by their definition, we have W = 1. We test the
accuracy of this in all our numerical simulations. For instance in the case of simple critical layers, using the
matlab function ode45, and fixing the relative error and the absolute error parameters of this function to 1073,
we obtain solutions for which errors in W are typically smaller than 10~% for ¢ = 107
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Figure 2: The real and the imaginary part for the solution ¢y, (y, ¢ + i€) to the inhomogeneous Rayleigh equation
(9), in the case w(y,0) =1, ¢ = v/2/2 (y; = 7/4 and y; = T /4), k = 1.5. The different curves show the results
for e = 1072, ¢ = 1072 and € = 10~*. The curves for ¢ = 1072 and € = 10~ are indistinguishable, showing
good convergence. The imaginary part is the ensemble of curves with a kink close to the critical layers.

Figure 2 shows the real and the imaginary part for the solution ¢, (y, ¢ + i€) to the inhomogeneous Rayleigh
equation (9), in the case w(y,0) = 1, ¢ = v/2/2 (y; = 7/4 and y; = Tr/4), k = 1.5 for the values ¢ = 1072,
€ = 1072 and € = 10~%. This illustrate the convergence of the solutions ¢, (y,c + i€) to a continuous function
ow (y,c+10). The visible kinks close to the critical layers suggest the discontinuity of the derivative. This is
actually verified and illustrated in figure 3, that shows the derivative with respect to y, ¢/, (y, c + i€).

2.3.3 Limit ¢ — 07 for critical layer of stationary streamlines

We now consider the case of a critical layer that correspond to a stationary streamline (y; = yo, where U(yo) = co,
U'(yo) =0 and U" (yo) # 0).

In order to properly study the limit € — 0 in this case, we first build a solution to the homogeneous equation
(10), which is regular at the critical layer y = yo. We define ¢, (y, ¢o) as the solution to (10) with ¢, (yo,co) = 0,
(b; (yo,c0) = 0 and gb: (y0,c0) = 1. Such a solution can be shown to exist by a series expansion in powers of
(y — yo). It can be shown that ¢, (y,co) is an analytic function of y in the vicinity of yo, if we suppose that
U (y) is analytic in the vicinity of yo.

However, by contrast to the case of isolated critical layers analyzed in section (2.3.2), the solution ¢, (y, co)
is not analytic in the vicinity of c¢g.

Let us first prove that it exists a solution to the inhomogeneous Rayleigh equation, for ¢ = 0, which is
continuously differentiable at yo. We start from expression (18). f is analytic in yo. Let us choose e = — f(yo)
and b = 0. Then we obtain the particular solution

Y-
bual) = 0r(w) [ L0, (25)
Yo T
Noting that the expansion of ¢, begins at order 2 in (y — yo), we easily prove that
buw,0(y) = bi (y) + 9¢r (y) log |y — yol, (26)

10
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Figure 3: Same as the previous figure, but for the imaginary part of the derivative ¢/, (y, ¢ + i€) of the solution
to the inhomogeneous Rayleigh equation (9).

where ¢ is a constant and ¢; is an analytic function of y. We note that @, o(y) is continuously differentiable at
the critical layer yo. This solution is defined locally, in an interval where ¢, has no other zero than yy. However,
it can be extended to the whole interval y € (0, 27), because equation (9) is not singular in other points than
Yo-

By contrast to the situation obtained for isolated critical points, we can not make an analytical continuation
of the solution (25) for complex cg + ie. We thus follow another route.

We note that we can add bg; to ¢y 0(y), where two different values for b can be chosen for y < yo and for
y > yo. The function

{ G+ (y,c0) =07 ¢r(y) + duo(y) for y <yo (27)
0+ (y:c0) = 6r(y) + duoy) for y > yo

is actually a solution to the inhomogeneous Rayleigh equation (9) for any y # yo which is continuously differ-
entiable in y;. It is thus a solution to (9).

The values of bt and b~ can be chosen in order to satisfy the boundary conditions. For instance, for
2m-periodic solutions, we obtain

v )= (i) o= (5 560 ) >

The determinant of N then plays the role of a dispersion relation for neutral mode associated to the stationary
streamlines. It reads

Dy = —=¢r (0) ¢;. (27) + 61 (2) ¢;. (0) (29)

When no such mode exists, equation (28) is solved, and we obtain a solution to the inhomogeneous Rayleigh
equation that verifies the boundary conditions.

We have thus constructed a solution to the inhomogeneous Rayleigh equation for real ¢co = U (yo), where yo
is a stationary point of U such that U” (yo) # 0.

We illustrate the preceding results with numerical solutions of the inhomogeneous Rayleigh equations on a
doubly periodic domain, for the Kolmogorov base flow U (y) = cosy.

11
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Figure 4: The real and the imaginary part for the solution ¢, (y,co + i€) to the inhomogeneous Rayleigh
equation (9), in the case w(y,0) = 1; with a critical layer corresponding to a stationary point (co = 1, y; = 0)
and with k& = 1.5. The different curves show the results for € = 1072, ¢ = 5.1072 and ¢ = 10~3. The curves
for € = 5.1073 and € = 103 are indistinguishable, showing good convergence. The real part is the ensemble of
curves that converge to zero.

The numerical computation follows the same rules are the one described in section 2.3.2. We note that
using the matlab function ode45, and fixing the relative error and the absolute error parameters of this function
to 107!3, we obtain solutions for which errors in W are typically smaller than 10~2 for ¢ = 1073, It is thus
much harder to obtain good quality numerical simulation in that case, than in the case of isolated critical layers
discussed in section 2.3.2.

Figure 4 shows the real and the imaginary part for the solution ¢y, (y, ¢o + i€) to the inhomogeneous Rayleigh
equation (9), in the case w(y,0) = 1; with a critical layer corresponding to a stationary point (co = 1, yo = 0)
and with k& = 1.5 ; for the values ¢ = 1072, ¢ = 5.1072 and ¢ = 1073, This illustrates the convergence of the
solutions ¢, (y, co + i€) to a continuous function ¢4 (y,co). It turns out that the real part converges to zero.
The same results are also presented for the derivative with respect to y, ¢/, (y, co + i€), on figure 5.

We now turn to the derivation of a property of such solutions, that will be very important in the discussion
of the asymptotic behavior of the linearized Euler equation. We have shown that ¢ (y,co) is continuously
differentiable at y;, and has a second order logarithmic singularity at yo (see (26) and (27)). Then a direct
inspection of the leading singularity in equation (9), of order (y — y.)~!, leads to the conclusion that

ikU" (o) ¢+ (y0, U (40)) + w(y0,0) =0 (30)

2.3.4 The asymptotic vorticity field

Using the results of the previous section, we prove in this section that the vorticity field converges, for large
time, towards a field oscillating at a multiple of the streamline frequency. More precisely, we prove that

wmwfvwm@mW<Mﬂ@m+0<l) (31)

t—o0 tY

In particular, for any stationary point yo, weo (yo) = 0. This essential property means that the vorticity cancels
rapidly at any stationary streamline. This is the mechanism of vorticity depletion at the stationary streamlines,

12
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Figure 5: Same as the previous figure, but for the imaginary part of the derivative ¢/, (y, co + i€) of the solution
to the inhomogeneous Rayleigh equation (9).

discussed in the introduction.

Using (11) and (8) we have

kU (y) ¢4 (y,0) +w (y,0)
e—0t ik (U(y) —C— ’LOJF)

w(y, ¢+ te) (32)
We thus see that for any ¢, @(.,¢) has singularities for any critical layer y;. For fixed y, @(y,.) has a single
singularity for the velocity ¢ = U(y). Using (32), we write the inverse Laplace transform (7) on the Bromwich
contour defined by p = —ik(c + ie) with e > 0 and —oo < ¢ < +00.

1 /+°° ge &P (—ik(c+ ie)t)
=— c
2mi U(y) —c—ie

w(y,1) [ikU" (y) ¢ (y, ¢ + i€) + w(0,y)] (33)

— 00
We first estimate the contribution of the pole

1 /+°° ge &P (—ik(c+ ie)t)
27t J_ oo U(y) —c—ie

[ikU" (y) o+ (y, U(y))+w(0,y)] = [ikU" (y) 4 (v, U(y)) + w (y,0)] exp (—ikU (y)t),

using the standard deformation of the contour of the complex integral, and the residue theorem. The remainder
contribution to the vorticity (33) is then

kU" (y) [T ¢4 (y,0) — ¢4 (y,U(y))
2 /m de= U(y)ic

exp (—ikct) .

This integral is an oscillating integral. For large times, it thus gives a contribution of order O (1/t”) where ~
depends on the order differentiability of ¢ (y, ¢) as a function of ¢. The result (31) is thus proved, and we have

weo (y) = 1kU" (y) o+ (v, U(y)) + w (,0). (34)

We remark that for any point in the flow y; where U”(y1) vanishes, ws(y1) = w(y1,0). This could have
been anticipated as for such points y1, from (6), we trivially have w (y1,t) = w(y1,0) exp (—ikU (y1) t) for any

13
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time t.

Using (30) and (34), we deduce that
Woo (yO) = 07

This result means that the vorticity tends to zero for large time for any stationary streamlines yy. This vorticity
depletion at the stationary streamline is, from a mathematical point of view, a nontrivial consequence of the
Laplace transform analysis, and of the regularization of the resolvent operator at stationary velocities. As will be
illustrated in section 4, using numerical simulation, it is a striking dynamical effect leading to the disappearance
of any filament in the area close to the critical layer of a stationary point of the profile U. This has a large
qualitative impact on the flow structure and evolution.

This effect comes from the term v,U"” (y) in the linearized Euler equation (6) ; it is thus a consequence of
the effect of the transverse velocity on the background vorticity. Because v, is a non local quantity, depending
on the evolution of the vorticity field everywhere in the domain, this effect is a non local trivial one that we are
not able to explain easily heuristically.

Besides these theoretical results, the Laplace tools are very interesting as they allow the computation of
asymptotic behavior of the flow without relying on a complex direct numerical computation. Moreover, whereas
in asymptotic approaches like the Lundgren’s one, the asymptotic profile wo, (y) is not determined, here we can
compute it from (34).

Using this last procedure and the numerical computations of the resolvent ¢,,, described in sections 2.3.2 and
2.3.3, we compute asymptotic vorticity profiles. They are represented in Figure 9 and Figure 10 and discussed
in more details in section 4.3.

2.3.5 The asymptotic velocity field

In this section we study the asymptotic behavior of the velocity field. We prove that the velocity field decays
algebraically for large times :

o (y) exp (=ikU(y)t)

v (y,t) ~ o ku’(y) " and (35)
Uy (ya t) oo ik (U/Ez) exp (71]2<3U(y)t) : (36)

where wy, is the asymptotic vorticity profile (31,34).

We first explain this result starting from the asymptotic vorticity derived in the previous section (31), and
using large time asymptotic behavior of oscillating integrals. This argument is heuristically very interesting.
However it will be valid only when the contributions of stationary points gy are negligible, and when the
convergence of the vorticity towards the asymptotic vorticity is sufficiently rapid. Indeed, the convergence
towards the Lundgren’s ansatz has to be uniformly more rapid than the derived algebraic laws. This last point
is actually true only for strictly monotonic velocity profiles U as will be discussed below.

In order to give a proof of the results (35) and (35) valid for also for profile U with stationary streamlines,
we give a more general argument based on Laplace transform at the end of this section.

Oscillating integrals We begin with the expression of the velocity from the vorticity field using a Green
function formalism. We have

viyt) = / dy’ Guly,y (' 1), (37)

Gy, is defined from (5) :

OHj, 0% Hj,
N o_ . / . 2 _ ’
Gr(y,y') = (——ay ,@erk) (y,y') with a5 —kH,=5y—19y),
with the periodic boundary conditions on y. Using the asymptotic result on the vorticity field, we thus have

v0) [ Gl ) e (kU W)). (38)

— 00

14
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We consider the asymptotic behavior, for large times ¢, of the oscillating integral (38). Since Kelvin, very
classical results do exist for the asymptotic behavior of such integrals, the most well known results being the
stationary phase approximation. Such results are discussed in appendix A.

An essential point, which differentiate our approach from the classical framework, is that the Green function
Gy (y,y") is not smooth everywhere : it is smooth except for the singularity when y = 3’. We prove in
appendix A that if U (y) has no stationary points (for all y, U’ (y) # 0), then results (35-36) are valid, the main
contribution being related to the singularities of the Green function.

If the velocity field U (y) has M stationary points y,, (U’ (ym) = 0), then the contributions of the stationary
points, generically of order 1/v/¢, usually dominate the contributions of the singularity of the Green function
Gy, in integrals like (38). If woo (ym) # 0, the classical stationary phase approximation (see appendix A) would
lead to

v(y,t) ~ Z G (Y, Ym)woo (Ym)

t—o0

2 [€m —ik m) b
™ exp (ze 7T) exp(—ikU (ym)t)
m=1..M )|

(KU (ym 4 Vi ’

where €, is the sign of —kU" (yn,).

However, a remarkable fact is that for any stationary point yo (such that U’ (yo) = 0), due to the vorticity
depletion mechanism discussed in section 2.3.4 and proved in section 2.3.3, wo (yo) = 0. Then the leading
order contribution from the stationary phase approximation vanishes. The analysis could proceed in order to
determine the next leading order term in the expansion, from (38), expected to be of order 1/ t3/2. However,
such a detailed analysis is useless, because the convergence of w(.,t) towards the asymptotic vorticity profile weo
is too slow, in the vicinity of a stationary streamline. Actually the error due to the slow convergence towards
the Lundren’s profile gives contributions which are also of order 1/¢3/2. This will be illustrated using direct
numerical simulations in section 4 (see figure 8 page 21, figure 14 page 26 and the related text).

Laplace tools In order to give a precise argument for the results (35-36), we use Laplace tools. We first note
that v, = ik, and study the asymptotics for the stream function 1. Starting from inverse Laplace transform
of ¢, we have
I

)= o [ deor (ge)esp (iket). (39)
where ¢4 (y,.) is the limit of ¢ (y,c + ie) for e — 0. (39) is an oscillating integral. We use that for any y for
which U’ (y) # 0, ¢+ (y,c) is twice differentiable except at ¢ = U (y) where it has a logarithmic singularity
A¢. (c—U (y))log (¢ — U (y)) (see equation (23)). Then the large time asymptotics of ¢ is due to this singu-
larity. In order to evaluate it, we part integrate twice (39) and evaluate the contribution of the singularity with
the residue theorem. Then the leading order contribution is obtained as,

W (y) exp(—ikU(y)t)
() (yvt) oo (’LkU’ (y))Q +2 ’

(40)

where we have used (24) and (34) in order to express A¢,.
We note that (36) follows immediately from (40) and v, = ikt. The asymptotic result (35) for the transverse
velocity v, can be derived by following similar arguments as the one just described for .

The above argument uses the explicit prediction (23) for the singularity of ¢ (y,c) as a function of ¢. The
expressions (23) and (24) are valid only when y is not a stationary streamline (U’ (y) # 0). For stationary stream-
lines y,,, we have no theoretical predictions. Direct numerical computation in section 4.3 will lead us to conjecture
that for such special points ¢ (ypm,t) N Cy exp (—ikU (ym)t) /132, vy (Ym, 1) o Cy exp (—ikU (ym)t) /t3/?

o0 — 00

and vy (Ym, t) N ikCy exp (—ikU (ym)t) /t3/2. We not that this exponent 3/2 is not related to a contribution

o0
from the stationary phase approximation.

We thus conclude that the results (35) and (36) are valid for monotonic profiles, but also for
base flow with stationary streamlines. This is in marked contrast to what was thought in many
previous publications based on the asymptotic expansions and the stationary phase arguments.
This is mainly due to the vorticity depletion mechanism at the stationary streamlines discussed in the previous
section. We also stress that, using Laplace tools, the asymptotic profile v (y) can be numerically computed
easily, without relying on direct numerical computations of the Euler equations.

15
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We have no theoretical prediction for the power law in the asymptotic behavior of the perturbation velocity,
in the special case of stationary streamlines.

3 Asymptotic stability of the Euler equation

In the previous section, we have obtained results for the asymptotic behavior of the linearized Euler equations,
with initial conditions close to some parallel flows vq (r) = U (y) e;,. We now address the evolution of the same
initial conditions by the nonlinear Euler equation (3). The aim of this section is to explain why the linearized
dynamics will be a good approximation for the dynamics for any time ¢, and to explain why the flow velocity
is asymptotically stable (in kinetic energy norm).

We consider the initial vorticity Q (x,y,0) = —U’ (y)+ew (z,y,0), where € is small. We suppose, without loss
of generality that [ dzw = 0. The perturbation w can be decomposed in Fourier modes along the x direction

w(z,y,t) = Zwk (y,t) exp (ikz) .
k

From the Euler equations (3), the equation for the evolution of wy reads

5] . . . 0 o ..
i )ik () = ~eNL with NI = 3 (-G )t (.0)+ 5 it () 0.1}

(41)
The left hand side is the linearized Euler equation, whereas the right hand side are the nonlinear corrections.
We want to prove that, for sufficiently small €, neglecting the nonlinear terms is self-consistent.
For this we have to prove that the nonlinear terms remains uniformly negligible for large time. We then use
the asymptotic results for the linearized equation derived in section (2). We thus have, for any k

. WkLoo (y) exp (—ikU(y)t)
Uk, (y,)  ~ (kU (3)° 12

and Wi,z (y,)  ~ Wk Loo (y) exp (—ikU(y)t), (42)

where the subscript L refers to the evolution according to the linearized dynamics. We call a quasilinear
approximation to the right hand side of equation (41), the approximation where v and wy would be evaluated
according to their linearized evolution close to the base flow U (y). From (42), one would expect at first sight
that this quasilinear approximation of the nonlinear term NLgy, would give contributions of order O (1/t).
The detailed computation, easily performed from (42), actually shows that the contributions of order O (1/t)
identically vanish for large times. Then

€
NI, = O ()
eNLkQL = 2
This is an important remark, as it proves that within a quasilinear approximation, the contribution of the
nonlinear terms N Lgy, remains uniformly bounded, and more importantly it is integrable with respect to time.
Then it is natural to conjecture that the contribution of the nonlinear terms remains always negligible. More
precisely, we naturally conjecture, that within the fully nonlinear equation, for sufficiently small e:

)~ koo (W) exp (ZikU(y)D)
Vi (y )téoo (kU (y))2 12

and wy (y,1)  ~ w0 (y) exp (—ikU(y)t)

with
W00 (Y) = Wi, 1,00 (Y) + O (€)

A similar reasoning in order to evaluate the nonlinear evolution for the profile U (y) would lead to the
conclusion that for large times

Qo (y,t) ~ —Ul (y) with U, (y) =U (y) + U (y)

t—o0

where 06U = O (62).
This means that the parallel flow will quickly stabilize again towards another parallel flow which is close to
the initial one.
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A natural question would be to compute the modified profile. The preceding analysis leads to the quasilinear
expression

§U (y) = —¢2 /O h dt NLo,gr (t) + o (%) (43)

This expression involves integrals over times of the linearized Euler equation. It is not amenable to simple
expression.

This result has to be contrasted with the results usually obtained using a Quasi-Linear approach. Usually
the integral occurring in (43) diverges. Then one invokes a time scale separation, and the divergence of the
integral is regularized using a multiple scale analysis. Here, by contrast, the integral converges. This means
that there is a single time scale over which all quantities reach their asymptotic value (a typical time scale here
is 1/s where s is the typical shear). The nonlinear evolution is thus very brief and leads to very small changes
in the initial profile U. Then any references to Markovian approximations would be both misleading and useless.

From this discussion, we thus conclude that any profile U verifying the hypothesis of this work (no unstable
and no neutral modes for the linearized dynamics) is asymptotically stable. We have not given a mathematical
proof of this, but we have explained that a quasilinear description of this nonlinear evolution is self-consistent
and leads to this conclusion.

4 The Kolmogorov flow

In this section, we consider the particular case of the 2D Euler equations in a doubly periodic domain D =
[0,27/6) [0,27), where § > 1 is the aspect ratio ; with the Kolmogorov base flow U (y) = cos (y).

4.1 Stability
4.1.1 Lyapounov stability

We consider initial vorticity conditions close to the base flow vorticity wo (y) = sin(y). We let this initial
condition evolve according to the nonlinear Euler equation (3). If the perturbation to the initial flow remains
small for all times, the flow is said to be Lyapounov stable. We first prove that the base flow wq (y) is Lyapounov
stable as soon as § > 1.

The classical Energy-Casimir method proposed by Arnold [2] cannot be applied directly here. Indeed, the
Kolmogorov flow does not verify the hypothesis for any of the two Arnold theorems [2]. However, we can still
prove the stability in this case, by direct analysis. Let us define the energy-Casimir functional F' as

F[Q]:%/D(QQ—V2)

F is the enstrophy minus the kinetic energy of the flow. It is thus a conserved quantity for the Euler equations.

We use the fact that the base flow wq (y) = sin (y) (vo = cos (y) e;) is a minima of F. We first consider the
perturbation vorticity w = 2 — wg, and we decompose it into Fourier modes w = Zk>1 wier with Aep, = —Aiex
where the Ay > 0 are arranged in increasing order, and where e, are orthonormal (fD exer = Oprr). On a
doubly periodic domain D = [0,27/4) [0,27), if § > 1, we have \; = A2 = 1 corresponding for instance to the
cos(y) and sin (y) modes. Then for any k > 3, Ay > 1.

We obtain ) N )
k — 2
F== E 44
) k A Wik (44)

Thus, because A\, > 1, F' > 0. Moreover F [wo] = 0. We thus conclude that wq is a global minimum for F.
We note that this minimum is degenerate, because all vorticity fields w = « cos (y)+ 3 sin (y) are also minima.
Because F' is a conserved quantity, we conclude that

Te=Me—1
3 Z VL (t)=er, (45)
k>3

where e = F (0) is the small value of F for the initial perturbation. Then if they are initially small, all wy for
k > 3 remain small for large times, the amplitude being measured according to the norm (44).
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Expression (45) does not control the first Fourier modes € and Q9. For this, we use the fact that the

enstrophy
1
Ty == / 02
2Jp

is conserved. We suppose that its initial value is I's o + er where I'; ¢ is the base flow enstrophy and er is the
perturbation enstrophy. Using the enstrophy conservation we have

OF(t) + Q3(t) = 2Ma0 + 2er — Y wi.
k

Then, using that >, -, w? < 225 (derived from (45), using A\, > A3 for k > 3), we have

A3

A
|QF(t) + Q3(t) — 2Tg 0| < 2max {ep, 5 3 16F} .
5 —
This means that the flow associated to the two first mode is a(t)sin (y + ¢(t)) where ¢ may be arbitrary but
where the amplitude a is controlled up to an error of order max {er, ep}.
We have thus proved that any initial condition close to the initial profile w = sin (y) remains close to the
family of profiles sin (y + ¢). Then the flow is Lyapounov stable in this restricted meaning.

4.1.2 Linear and spectral stability

Next, we let the initial conditions close to the base flow wg(y) = siny evolve according to the linearized Euler
equation (4). If the perturbation to the initial flow remains small for this dynamics, the flow is said to be
linearly stable.

We decompose the perturbation vorticity in a Fourier series for the x variable only. For parallel flows, due
the translational invariance, such Fourier modes are independent. The modes with no dependence on x are
easily shown to be neutral. Then the only issue is about the stability of other modes. In order to prove this,
we simply note that the perturbed Energy-Casimir functional (44) is conserved not only by the nonlinear Euler
dynamics but also by the linearized one. Then, because the Energy-Casimir functional is positive, this proves
that any xz-dependent perturbation remains small if it is initially small. The flow is thus linearly stable as soon
as 0 > 1.

If the linear equation has no exponentially growing modes, it is called spectrally stable. Linear stability
implies spectral stability (the converse may be wrong). Then because it is linearly stable, we can conclude that
no unstable modes exist to the linearized Euler equation as soon as § > 1.

4.2 Neutral modes

We look for the modes of equation (4) such that the stream function is of the form 1 = ¢ (y) exp (ik (x — ct)).
Then ¢ satisfies the classical Rayleigh equation (10).

As discussed in section 4.1.2, no unstable eigenvalue exists for k2 > 1. Thus only for real values of ¢ can
the Rayleigh equation have solutions for k2 > 1. In the following, using numerical simulations, we show that
no neutral modes exist, except for the marginal case k = 1.

When c is in the range of U : —1 = min, {U (y)} < ¢ < 1 = max, {U (y)}, U — ¢ vanishes at the two
critical layers defined by U (ylm) = cos (ylm) = c. The Rayleigh equation then has logarithmic singularities.
As discussed in section 2.1, when initial value problems are considered, the relevant solutions to the Rayleigh
equation are the ones that are obtained with ¢’ = ¢+ ie, ¢ real, and by considering the limit ¢ — 07. We study
the existence of modes in that limit.

For this, we numerically compute the dispersion relation D4 (¢, k) of the Rayleigh equation, as defined in
section 2.3.2. Neutral modes correspond to zeros of D;. We use the same numerical tools as the one described
in the end of section 2.3.2 : we use the matlab function ode45, and fix a the relative error and the absolute error
parameters of this function to 10713, then obtain solutions for which errors in the Wronskian W are typically
smaller than 1076 for ¢ = 107*. We approximate D (c, k) by the numerically computing D (c + ie, k) with
e=10"%

Figure 6 shows D,, (k) = min. D7 (¢, k) (we note that DT is unchanged when the sign of k is changed). For
a given value of k, some neutral mode exist if and only if D,, (k) vanishes. We conclude from this plot that
neutral modes exist only for the value k? = 1 (we have tested values of k% up to k? = 10).
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Figure 6: Minimum values for the dispersions relation min. DT (¢, k) as a function of k2. This plot shows that
neutral modes exist only for k? = 1 and are even.
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Figure 7: Nyquist plots (complex D7 (c¢) represented in the complex plane, when c is varied), for values
k? = 0.99 (green dashed line) and k% = 1.01 (plain blue line).
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For k? = 1, we see numerically that a mode exists for ¢ = 0 only. The mode is then trivially found by direct in-
tegration of equation (10). It is ¢ = C where C is any constant number (¢ = Cexp (ikz) and ¢ = C'exp (—ikx)).

The representation of the complex curve D, (¢) when c is varied is called a Nyquist plot (see [40] or [5] in
the context of fluid dynamics). It is very useful, as the algebraic number of loops of the Nyquist plot around 0
counts the number of unstable modes on the complex half plane ¢ = c¢g + iA with positive A [40, 5].

Figure 7 shows the Nyquist plot of Dy (¢), for k& = 0.99 and k = 1.01 respectively. One clearly sees the
passing of the curves across the value Dy = 0 when k is changed from k = 0.99 to k = 1.01, corresponding to
neutral modes for £k = 1. Moreover, we conclude that only one neutral mode exists for this value of k, because
only one branch of the curve passes through 0. For larger value of ¢ (not shown), the upper part of the plot
loops to the right on the upper half plane goes down to the lower half plane by crossing the real axis for very
large values of ¢, before to close on the branch visible in the lower half plane. Counting the algebraic number
of loops around zero, we thus conclude that for £ > 1, no unstable modes exists, in accordance with the result
of section (4.1) ; whereas for k < 1 only one unstable mode exists.

From this analysis, we thus conclude that only one neutral mode exists. This modes corresponds to the
destabilization of the flow and the appearance of an unstable mode, when passing from values k2 > 1 to values
k? < 1. It is the trivial mode ¢ = Cexp (iz), found for ¢ = 0.

4.3 Direct numerical computation of the 2D-Euler equation

In this section, we illustrate and complement the results through the direct numerical simulation of the 2D
Euler equations (nonlinear). For the Kolmogorov base flow U(y) = cosy, we apply initial perturbations in the
form

w(z,y,0) = €A(y) cos oz (46)

with € < 1. Since the system is homogeneous in the x direction, it is natural to study the Fourier transform of
w and v,

dz —idx

wslynt) = [ s e Pula ) (47)
dz —idx

0s(:0) = [ 5o e o) 43)

First, we consider an initial perturbation where A(y) has the same parity as the base flow velocity one’s. In
particular, we examine A(y) = 1.

Asymptotic vorticity profile for even perturbations. The space-time series of |ws(y,t)| is shown in
Figure 1, page 4, which we have already seen. Initially, it rapidly (almost exponentially) relaxes toward the
final profile, |wsoo(y)]; in particular, it relaxes to zero at y = 0 and 7 (stationary streamlines), whereas it
remains constant at y = 7/2 and 37/2. The rapid relaxation of the modulus |ws(y,t)| is in agreement with the
theoretical prediction (31) that the Lundgren ansatz is valid asymptotically.
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Figure 8: The profiles of perturbation vorticity, |ws(y,t)|, at several times, for the initial perturbation profile
A(y) = 1 and aspect ratio 6 = 1.1. A flat region is observed near the stationary streamline y = 0. As the time
goes on, this flat region becomes narrower, and instead, outside of it, a region with a profile proportional to
~ y? becomes wider, in accordance with a parabolic profile in the large time limit.

After the rapid relaxation, |wseo(y)| converges towards the final profile algebraically. In particular, in the
vicinity of y = 0 and 7 (stationary streamlines), it relaxes as slowly as t~1, leading locally to a flat profile (see
figure 8). However, as time goes on, this flat region becomes narrower and narrower, and instead away from it
a region with a profile proportional to 42 becomes wider and wider. This indicates that, in the large time limit,
the profile is parabolic in the vicinity of the stationary streamlines.

This also illustrates that the relaxation towards the stationary profile does not converge in a uniform way:
the process is very slow close to the stationary streamlines whereas it is extremely rapid away from them.

The width y; of the flat area decreases as yy ~ 1/ Vt, whereas the constant value of the vorticity modulus
in the flat area decreases as 1/t. When computing the velocity from the vorticity (equation (37)), the overall
effect of this flat area is thus of order 1/t3/2. Such a contribution is thus of the same order as what would give
the leading order term of the asymptotic expansion of oscillating integrals, as discussed in the end of section 2.3.5.

In Figure 9, we compare the final profiles obtained from the Laplace tools (equation (34)) and the direct
numerical simulations. As shown, the results show a very good agreement. This agreement support both the
quality of the direct numerical simulations and the results of the computation of the asymptotic profile from
the Laplace transform tools.

The computation of the asymptotic profile from the Laplace methods is extremely rapid and easy, compared
with direct numerical simulations. Using this tool, we study some qualitative properties of the asymptotic
profile. By increasing the aspect ratio §, We observe a bifurcation from a single- to a double-peaked asymptotic
vorticity profile (Figure 10). The three asymptotic profiles all show the depletion of the vorticity perturbation
at the stationary streamlines.
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Figure 9: The final profile of the modulus of the perturbation vorticity, |wseo(y)|, obtained from the numerics
and the theory (equation (34)), for the initial perturbation profile A(y) = 1 and the aspect ratio § = 1.1. The

two profiles show a very good agreement.
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Figure 10: The final profile for the modulus of the perturbation vorticity, |wse ()|, for the initial perturbation
profile A(y) =1, and aspect ratios § = 1.1,1.2 and 1.5, computed from the prediction of the Laplace transform
tools (equation (34)). The profile shows a bifurcation from single to double peak shapes, when § is increased.
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Figure 11: The space-time series of perturbation velocity components, |vs.(y,t)| (a) and |vs,(y,t)| (b), for
the initial perturbation profile A(y) = 1 and the aspect ratio § = 1.1. Both the components relax toward zero,
showing the asymptotic stability of the Euler equations.
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Figure 12: The time series of perturbation velocity components |vs,(y,t)| (a) and |vs,(y,t)| (b) at three
locations, y = 0 (vicinity of the stationary streamline) (red), y = 7/4 (green), and y = 7/2 (blue), for the initial
perturbation profile A(y) = 1 and the aspect ratio 6 = 1.1. We observe the asymptotic forms |vs . (y,t)] ~ 7%,
with @ = 1, and |vs,, (y,t)| ~ ¢, with 3 = 2, in accordance with the theory for the asymptotic bahavior of the

velocity (equations (35) and (36))
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Asymptotic decay of the velocity perturbation for even perturbations. The space-time series of
the modulus of the perturbation velocity components |vs.(y,t)| and |vs,(y,t)| are shown in Figure 11. The
relaxation to zero of the velocity perturbation illustrates the asymptotic stability of the velocity for the 2D
Euler dynamics.

We investigate the asymptotic behavior of the velocity perturbation more precisely. Figure 12 shows the time
series at several y’s. As shown, their asymptotic forms are |vs; (y,t)| ~ =%, with a = 1, and |vsy(y, )| ~ t=5,
with 8 = 2. This is in agreement with the theoretical predictions for the asymptotic behavior of the velocity
perturbation (see equations 35 and 36)).

Odd perturbations. Next, we consider initial perturbations where A(y) has a parity opposite to the base
flow velocity one’s. In particular, we examine A(y) = siny.

The space-time series of |ws(y, t)| is shown in Figure 13. It shows an initial rapid relaxation toward the final
profile, as expected from the theory (equation (34). Because the parity of the perturbation is conserved for all
time, the vorticity profile remains odd. Then |ws(y,t)| is zero for y = 0 and y = 7 (stationary streamlines), as
expected.
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Figure 13: The space-time series of the modulus of the perturbation vorticity, |ws(y, t)|, with initial perturbation
profile A(y) = siny, and aspect ratio § = 1.1.

The rapid relaxation is again followed by an algebraic convergence to the final profile. In particular, in the
vicinity of y = 0 and y = 7 (stationary streamlines), it relaxes as slowly as, t~'/2, in this case. The vorticity
is always zero at the stationary streamlines, the profile in the vicinity is linear (see figure 14), an not flat as in
the case of even perturbations. However, as time goes on, this linear region becomes narrower and narrower,
and instead an outer region with profile locally propotional to ~ 32 becomes wider. This indicates that, in the
large time limit, the profile is locally parabolic in the vicinity of the stationary streamlines, as in the case of
even perturbations. The profile beeing odd, we remark that such a parabolic profile means that the asymptotic
vorticity profile is not twice differentiable at the stationary streamlines.

The final profile obtained from the Laplace transform tools (equation (34)) and the direct numerical simu-
lations again show excellent agreement (see Figure 15).
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Figure 14: The profiles of the perturbation vorticity modulus, |ws(y,t)|, at several times, for the initial pertur-
bation profile A(y) = siny and aspect ratio 6 = 1.1. As the time goes on, the linear region becomes narrower
and narrower, and an outer region with |ws(y,t)| ~ y? becomes wider and wider, indicating the parabolicity of
the profile in the large time limit.
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Figure 15: The final profile of the perturbation vorticity modulus, |wse(y)|, obtained from both numerics and
theory. The initial perturbation profile is A(y) = siny and the aspect ratio is § = 1.1. The two profiles show
excellent agreement.
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Figure 16: The time series of the perturbation velocity components, |vs,(y,t)| (a) and |vs,(y,t)| (b) at three
locations, y = 0 (vicinity of the stationary streamline) (red), y = 7/4 (green), and y = 7/2 (blue), for the initial
perturbation profile A(y) = siny and aspect ratio 6 = 1.1. We observe the asymptotic forms |vs,(y,t)| ~ 7%,
with a = 1, and |vs,, (y,t)| ~ t=7, with 3 = 2, in the almost all the region, in accordance with the theory. Only
in the vicinity of y = 0 and 7, we observe the exponents a = 1.5 and 8 = 1.5, for which we have no theoretical
predictions. 27
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Figure 17: The space-time series of the x-averaged perturbation vorticity, dwo(y,t). The initial perturbation
profile is A(y) = 1 and the aspect ratio is § = 1.1.
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The space-time series of |vs . (y,t)| and |vs,(y,t)|, similarly to the case of A(y) = 1, shows a relaxation
toward zero, illustrating the asymptotic stability of the Euler equations.

We investigate the velocity asymptotic behavior more precisely. Figure 16 shows the time series at several
y’s. As shown, their asymptotic forms are |vs; (y,t)| ~ t~%, with o = 1, and |vs, (y,t)| ~ 77, with 3 = 2, for
almost all values of y. Ounly in the vicinity of y = 0 and 7 (stationary streamlines), the exponents are changed
to « = 1.5 and § = 1.5. We recall that we have no theoretical predictions for these special points. Thus we
verify that the numerics for the asymptotic behavior of the velocity perturbation is in good agreement with the
theory.

In the last paragraphs, we have compared, for the mode ws, direct numerical simulations of the 2D Euler
equations (nonlinear), with the predictions of the 2D linearized Euler equations. The agreement between both
is extremely good. We actually see no differences at eye even for large times. This is in agreement with
the theoretical discussion of section 3 ; differences are then expected to be of order 2. To summarize, we
conclude that the results of the direct numerical simulations and the asymptotic behavior of the (nonlinear)
Euler equations are very well described by the quasi-linear theory discussed in the previous sections.

Evolution of the base flow profile and asymptotic stability. We now consider the evolution of the
base flow profile Q¢(y,t) (the x-average vorticity, directly related to the z-average velocity, please see the
discussion preceding equation (43) page 17)). We define the difference with respect to the initial profile by
dwo(y,t) = Qo(y,t) + U'(y). We thus have

Suon(y, 1) = / ) (49)

The evolution of the base profile dwo(y,t) is due to nonlinear effects (see eq. (43) page 17). Figure 17
shows this evolution computed using direct numerical simulations. It illustrated that the perturbation vorticity
converges extremely rapidly (on times of order ¢ = 15 which correspond to the linear shear times) toward a
fixed perturbation profile. The asymptotic perturbation profile is of order €2. All these are in agreement with
the theoretical discussions of section 3.

5 Discussion

In this paper, we have discussed the asymptotic stability of parallel flows for the 2D Euler equations. Our results
are valid for any flow that have no modes for the linearized dynamics (neither unstable nor neutral ones). This
situation is a generic one, as the example of the Kolmogorov flows (section 4) illustrates. An adaptation of
the present results to the case where the flow has neutral modes would be easy. Our results are valid for base
flows U (y) with or without stationary streamlines yo such that U’ (yp) = 0. We have emphasized the case with
stationary streamlines that has not been studied before.

For the linearized Euler equation, we have proven that Lundgren’s ansatz (2) actually describes the asymp-
totic vorticity field for large times. The asymptotic vorticity field thus oscillates, for each streamline, at the
streamline frequency. The asymptotic vorticity profile depends both on the initial condition in a non trivial
way, and on the base flow. The asymptotic vorticity is always strongly affected by the base flow structure, in a
nonlocal way, especially when stationary streamlines exist. It is thus unlikely that a description based on the
local shear give a good quantitative description, except may be in a limit or nearly linear shear. We have also
shown that this asymptotic profile can be computed directly from the resolvent operator of the linearized Euler
equation (see equation (34) and figure 10) without performing costly direct numerical computation of the Euler
equations.

For the linearized Euler equation, we have also proven that the asymptotic velocity field decays algebraically
for large times (equation 1), with exponents @« = 1 and § = 2 for any streamlines that are not stationary
(U’ (yo) = 0). On the stationary streamlines, we have no theoretical predictions, but we have found numerically
that two cases exist « = 1 and 3 = 2 for perturbation vorticities having the same periodicity as the base flow
velocity or « = 3/2 and 8 = 3/2 for perturbation vorticities having the opposite periodicity with respect to the
base flow. Without stationary streamlines, these results are the same as the classically expected ones. With
stationary streamlines, they are unexpected as the effect of the stationary streamlines in oscillating integrals
are expected to give 1/ \/Zt) contributions. These cancel out because of a self-consistent vorticity depletion
at the stationary streamline. This new mechanism of vorticity depletion at the stationary streamline that we
theoretically predict and numerically confirm in this paper.

29



hal-00382670, version 1 - 10 May 2009

This vorticity depletion mechanism occurs due to the effects of the transverse component of the velocity
perturbation on the background vorticity gradient. This mechanism is thus absent in cases where the background
vorticity gradient identically vanishes, or for a beta-plane barotropic flow when the beta effect exactly balance
the vorticity gradient, a case studied in several papers [15, 13]. We think that this last case is not generic as
the vorticity depletion mechanism exists as soon as the vorticity gradient is not exactly balanced.

We use the above results to prove that if the perturbation evolves according to the linearized Euler equation,
the nonlinear term remains uniformly bounded in time, and actually decays algebraically for large times. Based
on these results, we argue that for the Euler equations (nonlinear), a quasilinear treatment of the nonlinear
terms is self consistent. This strongly suggests that such a quasilinear treatment of the nonlinear term should
be valid. This also suggests that the full nonlinear equation converges towards Lundgren’s type asymptotics for
the perturbation vorticity field and to zero for the asymptotic velocity field, extremely rapidly.

From these theoretical arguments, we then expect that the velocity of parallel flows without unstable or
neutral linear modes is asymptotically stable : the velocity converges towards a new parallel flow which is very
close to the initial one, even in the absence of dissipation. The distance between the initial profile and the
asymptotic one is of order €2, where € is the order of magnitude of the initial perturbation.

Direct numerical simulations of the Euler equations close to the Kolmogorov base flow show an excellent
agreement with the above theoretical predictions.

Figure 18: A snapshot of the vorticity field for the Navier-Stokes equation with stochastic forces, in a statistically
stationary regime. The vorticity field is close to a steady state of the Euler equation (here a dipole). The
fluctuations close to this state are the visible filaments on the figure. One clearly see that such filaments are
present in between the two vortices, but are absent in the core of the vortices. This is due to the vorticity
depletion mechanism at the core of the vortices, the points where the angular velocity of the vortices have local
extrema.

The theoretical study performed in this paper, could be easily generalized to the study of the asymptotic
behavior and stability of jets in the context of both barotropic flows in the beta-plane approximations, or
two dimensional axisymmetric vortices. Many recent works have considered perturbations to two dimensional
vortices [58, 3, 6, 47, 49]. As far as asymptotic behavior is concerned, following this paper approach, in the
case of vortices, we argue that a similar perturbation vorticity depletion should occur at any stationary point
of the angular velocity of the vortex U (r) /r. For instance in the case of a monotonic angular velocity, such a
stationary point of the angular velocity is located at the core of the vortex » = 0, and the vorticity depletion
occurs at the center of the vortex. This phenomena has indeed been observed by Bassom and Gilbert [7] (see
their discussion, and the comment of their figure 2(b) and 4(a)). They have stated that “We at present lack a
simple physical explanation of this process whereby vorticity is more highly suppressed than a passive scalar,
and do not know whether it has applicability beyond the Gaussian vortex”. The type of arguments developed
in the present paper, based on the Laplace tools, suggests that such a vorticity depletion is indeed a generic
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phenomenon, valid for any parallel flow (resp. circular vortex), at the stationary points of the velocity profile
(resp. angular velocity profile). Mathematically this is due to the regularization of the critical layer singularities
at the edge of the continuous spectrum.

This vorticity depletion mechanism also impacts turbulent flows where the perturbations are locally governed
by the linearized equations. Fig 18 shows a snapshot of the vorticity field in the dynamics of the stochastic 2D
Navier-Stokes equations [10]. One clearly observes a depletion of the vorticity fluctuations at the core of the
vortices. This effect in a stochastically forced equation is related to the depletion mechanism in a deterministic
equation, described in this paper.

We have treated the linearized dynamics and the asymptotic stability for the case of parallel flows, for the
2D Euler dynamics. The generalization of such results for more complex cases, for instance flow with separatrix
and stationary points would also be extremely interesting. The problem is then much more difficult from a
theoretical point of view, but could be addressed numerically. Also the time dependent situation, by contrast
to the case of perturbation of steady base flows, is of a large interest. It has been shown numerically that
interactions with large scales dominate the small scale dynamics [22, 32], in the spirit of rapid distortion theory
or quasilinear approaches. This has deep impact on the statistics of the associated turbulence [39)].

Because both are transport equations by a nondivergent field, there is a very well known analogy between
the Vlasov equations and the 2D Euler equations. Both equations have very similar behaviors, including for
instance relaxations without dissipation (Orr mechanism or Landau damping) and the associated asymptotic
stability. The theory of the asymptotic stability of 2D Euler equations is thus deeply related to the asymptotic
stability of Vlasov equations. We note very recent mathematical results on nonlinear Landau damping [38],
a subject related to the asymptotic stability of Vlasov equations. A natural issue, is to know if such recent
mathematical results [38], could be generalized to the case of the 2D Euler equations, in relations with the
results obtained in the present work.

The current work has interesting consequences for the understanding of the linearized Euler and Navier
Stokes equations with stochastic forces, and of the Euler and Navier Stokes equations with stochastic forces
when the large scale stuctures dominate the dynamics. This was one of our motivation for studying the
asymptotic behavior of the linearized Euler equation and asymptotic stability of the Euler equations. These
consequences will be developed in a forthcoming work.
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A) Oscillating integrals

A-1) General classical results

Let us consider the asymptotic behavior, for large t, of the integral

b
1(t) = / dz g(z) exp(if (2)t) (50)

1. We here suppose that f and g are twice differentiable and that f has no singular points : for any =,
f'(z) # 0, and that either g(a) # 0 or g(b) # 0. Then

1 {g(b) exp (itf(b))  g(a)exp (itf(a))

I(t) ~ = — 51

O~ | e 7/ oy
This can be easily proved by part integrations. If g(a) = g(b) = 0 and if g and f are sufficiently
differentiable, then the asymptotic behavior can be obtained by further part integrations.

2. We now suppose that f is a real function, with a single stationary point 2o (f’(x¢) = 0). The asymptotic
behavior of the oscillating integral (50) is then given by the classical stationary phase results [24, 8]. We
suppose that f and g are smooth and that f” (z¢) # 0. Then

’ ™ tem\ exp (itf (x

- (52)

where € is the sign of f” (xg)

A-2) Oscillating integrals and the velocity asymptotic expansion

We apply the general methods of oscillating integrals to the particular case of the computation of the velocity
from an oscillating vorticity field, like for instance the case given by equation (38). We first evaluate the long
time asymptotics of

viy.t) = / dy’ Gi(y, o )h(y') exp(—ikU (') ), (53)

where the function h is assumed to be twice differentiable and where Gy, is the Green function for the com-
putation of the velocity v(y)exp (ikx) from a vorticity field w (y)exp (ikz). We treat explicitly the case of a
channel —L < y < L. The results are also valid for periodic boundary conditions for y, just by dropping all the
contributions from the boundary in the expressions bellow.

We note that an explicit expression for vi(y,t) can be computed when vy (y) = sy and when h(y) is either
a constant, a sine (cosine) or a sinh (cosh) (see [17]). Clearly, (53) is an oscillating integral. In order to study
its asymptotic expansion, we use the results of section A-1 of this appendix.

hal-00382670, version 1 - 10 May 2009

Let us first treat the case without stationary point. We use that Gg(y,.) is smooth everywhere, except
for y' = y (see appendix B). Then we can use results on asymptotic behaviors of oscillating integrals (section
A-1) for both intervals —L < 3’ < y and y < y’ < L independently. We assume that h (y) is at least twice
differentiable. We then obtain that

(y,1) L
UI ] ~ -
Y t>1/ks tkst

[Grw (y, L) h(L) exp (—ikU (L) t) — Gyx (y, —L) h(—L) exp (ikU (—L) t) + h(y) exp (—ikU (y) t)] ;
(54)

the first two terms are contributions from the boundaries and the third term is due to the discontinuity of

Grx (y,y) for y =y’ (see (58) in appendix B). Here we define s as the minimum shear rate s = min(U’ (y)),

and [ is a typical length scale, that characterizes the variations of h (y). Similarly we obtain

~ 0Gh,y
oy’

1 O0Gly
t>l/ks k2822 | Oy’

(y,L)h (L) exp (—ikU (L)1) (y,—L)h(—L)exp (ikU (L) t) — ikh (y) exp (—ikU (y) t)

(55)
We note that there is no contribution of order 1/¢ in this case, because Gy vanishes at the boundaries
(Gry(y,L) = 0, see (59) in appendix B) and because Gy y(y,y’) has a discontinuity of its first derivative

Uy (yv t)
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only, for y' =y (see (60) in appendix B).

We now treat the case of a base flow with stationary points y,, such that U’ (y,,) = 0. We assume that each
stationary point y,, is not degenerated (f”(ym) # 0). We perform the computation for one of these, denoted
yo. The general result then follows.

The classical results on oscillating integrals (52), assume that the function g (see Eq. 50) is smooth. This
is not always the case for us, actually the Green function G (y,y’) is not smooth for y = y'. If y # yo, this
discontinuity for Gy or for its derivative, can easily be handled by dividing the integration interval in two
subintervals, as has been done in the previous paragraph. Then one concludes that the leading order of the
asymptotic behavior is still dominated by the contribution of the stationary points. Thus the result (52) is still
valid.

Then, from (53), using (52), we obtain that for y # yo

V1)~ Gl o)) e onw (56)

iepm\ exp(—ikU (yo)t)
KU (3o

4 NG ’

where €, is the sign of —kU” (yo). We note that the asymptotic expansion has a discontinuity for y = yo, due
to the discontinuity of the Green function. A straightforward generalization of the classical results (52), to
oscillating integrals with discontinuous functions g, allows to conclude that this discontinuity is regularized over
a length scale | = /1/(|kU" (yo)|t), that decreases with time.

B) Green functions

Let us establish the expression and some properties for the velocity Green function Gg. The results on the
discontinuity of the Green function, equations (58) and (60) bellow, are necessary for the discussion of appendix
A. We treat the case of a channel geometry —L < y < L, but the case of periodic boundary conditions could
be treated similarly and equations (58) and (60) would remain unchanged in that case.

Let us denote Hy the Green function for the stream function. Starting from w = A, we obtain that the
Fourier transforms in the x direction verify wy = d?uy,/dy? — k®vr. Hp(y,y') is thus solution of

0% Hy,

Sz~ K H =0~ ) (57)

with the boundary conditions Hy(L,y') = 0 and Hy (—L,y’) = 0.
We note that Hy (y,y’), considered as function of y, is smooth everywhere except for y = y'. For y =y, Hy,
is differentiable and has a jump unity for its first derivative :

oH OH, .
a—;(y’+,y’) ayk (v~.y) =1,

where F (y'T,4') his the limit of F'(y,y’) for ¢’ going to y with the condition y > ¥/’
When 3y’ = L, we have for all y, d*Hy/dy? — k*Hy, = 0 with Hy(L,L) = 0 and Hy (—L, L) = 0. Thus for all
Y

Besides these general properties, an explicit expression to Hj, can be found from (57) :

sinh (k (v + L)) sinh (k (y — L))

' A

for y>y Hg (ya Y ) - ]{;Slnh(QkL) and
inh (k (y' — L)) sinh (k (y + L))

f " H, =22

or y<vy k(YY) ksmh(QkL) and

By direct computation, one can verify that Hy (y,y’), considered as a function of 3/, is differentiable and has a
discontinuity in its derivative for 3y’ = y. By direct computation, we have

8Hk

oy (:y7) ==~ (y7) =1

33



hal-00382670, version 1 - 10 May 2009

Then using v = V A (¢e;), we have for the Fourier transforms : vy, = —dix/dy and vy, = ik, Thus

Gy — (ng>
dy

Then, using the properties of Hy, we note that Gy (.,y’) is smooth everywhere except for y = ¢/, that its
derivative has a jump for y = y’. We have

Gi (y,y") — Gk (y,y7) = (-1,0) (58)
G (y,L) = (%—Z&)L)),()) and Gy (y,—L) = (%—ZM)L)),()) (59)
and
af;;’y (v,y7) - 8?;”“’ (v,y7) =ik (60)
el  iksinh(k (y + L)) 0G., _ iksinh (k (y — L))
0; WL =——gmerny . 2 5, O E s ek
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