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Abstract. We address the Prandtl equations and a physically meaningful extension known as hyperbolic Prandtl equations.
For the extension, we show that the linearised model around a non-monotonic shear flow is ill-posed in any Sobolev spaces.
Indeed, shortly in time, we generate solutions that experience a dispersion relation of order ¥/k in the frequencies of the
tangential direction, akin the pioneering result of Gérard-Varet, D., Dormy, E.: On the ill-posedness of the Prandtl equation.
J. Am. Math. Soc., 23(2), 591-609 (2010) for Prandtl (where the dispersion was of order vk). We emphasise, however, that
this growth rate does not imply (a-priori) ill-posedness in Gevrey-class m, with m > 3. We relate these aspects to the
original Prandtl equations in Gevrey-class m, with m > 2: We show that the result in Gérard-Varet, D., Dormy, E.: On
the ill-posedness of the Prandtl equation. J. Am. Math. Soc., 23(2), 591-609 (2010) determines a dispersion relation of
order vk for a short time proportional to ln(\/E)/\/E Therefore, the ill-posedness in Gérard-Varet, D., Dormy, E.: On the
ill-posedness of the Prandtl equation. J. Am. Math. Soc., 23(2), 591-609 (2010) in its generality is momentarily constrained
to Sobolev spaces rather than extending to the Gevrey classes.

Mathematics Subject Classification. 76F40, 76D10, 76D03, 76D05.

1. Introduction
1.1. Presentation of the problem

The aim of this paper is twofold. First, we address the following hyperbolic extension of the linearised
Prandtl equations (cf. [1,8,21,28,29])

(0 + 1) (du+ Ugbyu + v Ul) — 02u = 0, (t,z,y) € (0,T) x T xRy,

Yy
Ozu+ Oyv =0 (0,7) x T x Ry, (L1)
(u7ut)|t:0 = (uinaut,in) T X R+, ’
u|y:0 =0, Vly=0 = 0 (O,T) x T.

The main unknown is the scalar component u = u(t, z,y) of the velocity field (u,v)T, while v = v(t, z, y)
is formally determined by the divergence-free condition

y
v(t,x,y) = f/azu(t,:r,z)dz.
0

The function U; = Us(y) is prescribed and defines a suitable shear flow (Us(y), 0) around which the model
have been linearised. For our main result, we will assume that U, is a general function in W2 (R),
characterised by a loss of monotonicity at a specific point y = a > 0. Further details about this aspect are
elaborated in Sect. 1.4 and Theorem 1.1. We aim to develop an ill-posedness theory of (1.1) in Sobolev
spaces akin to the one in the seminal paper of Gérard-Varet and Dormy [12], for the linearisation of
the Prandtl equations around a shear flow. Our main result concerns a norm inflation phenomenon in
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Sobolev regularities: some initial data that are of unitary size in H™ along the variable x € T generate
solutions of inflated size §~! after a time ¢t = § > 0 arbitrarily small (cf. Theorem 1.1).

In [8], we proved that System (1.1) is locally well-posed when the initial data have regularity Gevrey-
class 3 along x € T. With this work, we aim to provide further insights on the well- or ill-posedness issue
when the initial data are Gevrey-class m, m > 3.

Secondly, our objective is to present some remarks on the ill-posed nature of the original Prandtl equations
when linearised around a non-monotonic shear flow (cf. System (1.5)). The pioneering work conducted
by Gérard-Varet and Dormy [12] demonstrated that the linearised Prandtl equations are ill-posed within
Sobolev spaces. They constructed solutions that exhibit a dispersion relation of order vk in the frequencies
k € Z. If such dispersion persists over time, it indicates that the problem is ill-posed in a more regular
function setting, specifically in any Gevrey class of order m, where m > 2. We show, however, that the
result presented in [12] only holds for a brief duration, contingent on the frequencies (a time proportional
to In(vk)/vk). Consequently, the ill-posedness of the linearised Prandtl equations in any Gevrey class
m, with m > 2, remains an unresolved matter at the moment (cf. Sect. 1.5 and our second main result,
Theorem 1.6).

1.2. A brief overview on the analysis of the Prandtl equations

System (1.1) shares several similarities with the classical Prandtl system, whose leading equation is always
on the state variable u = u(t, z,y)

Opu + u0,u + voyu — 8§u =0, (t,z,y) € (0,T) x T x Ry

and replaces the first equation in (1.1) (with initial data only on u). Nowadays, the Prandtl model belongs
to the mathematical and physical folklore, predicting the dynamics of boundary layers in fluid mechanics.
Numerous mathematical investigations have been performed during the past decades, in order to reveal
the underlying instabilities of the solutions. In this paragraph, we shall briefly recall some of the results
about the related well- and ill-posedness issues. For further analytical problems like asymptotic behaviour,
boundary-layer separations, boundary-layer expansions, homogenisation and more refined models, we
refer, for instance, to [7,9,11,13,18,20,27,30] and references therein.

Regarding the well-posedness of the classical Prandtl equations, there are two branches of assumptions
that one might impose on the initial data: they are monotonic in the vertical variable (hence they do
not allow for non-degenerate critical points), or they belong to suitable function spaces that control all
derivatives along the tangential variable (i.e. analytic or Gevrey initial data).

In case the initial data are monotonic, the system is known to be well-posed in standard functions spaces,
such as Sobolev and Hélder. Roughly speaking, this monotonicity precludes certain instabilities of the
solutions (at least locally in time), such as the so-called boundary-layer separations. An analytic result in
this direction was shown by Oleinik (see e.g. [25,26]) using the Crocco transform. More recently, the result
was renovated by Masmoudi and Wong [24], and Alexandre, Wang, Xu and Yang [3] without employing
the latter.

On the other hand, requiring the initial data to be highly regular suffices as well for the well-posedness of
the Prandtl equations. Caflish and Sammartino [31] proved local-in-time well-posedness for initial data
that are analytic in all directions. In reality, a refinement elaborated in [23] showed that the analyticity
condition is only required in the tangential variable.

Motivated by findings on ill-posedness, the set of functions spaces allowing for local existence theory was
enlarged from analytic to the Gevrey scale. We mention here the works of Gérard-Varet and Masmoudi
[14] in the class 7/4, Li and Yang [22] for small initial data in the class 2, and Dietert and Gérard-Varet
[10] achieving the well-posedness also for large data in the Gevrey class 2.

The latter regularity property is strongly suggested to be the borderline case. Indeed, smooth solutions
might blow-up without analyticity or monotonicity assumptions as shown in [32]. But more drastically,
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Gérard-Varet and Dormy proved in [12] the ill-posedness of the linearised Prandtl system in any Sobolev
space by constructing solutions which experience a norm inflation as o Vkt (for short times, c.f. the
discussion in Sect. 1.5), with o > 0. These results are extended in [15,17] by Gérard-Varet and Nguyen,
and Guo and Nguyen, to non-existence results of weak solutions for the linear Prandtl system in the
energy space. The latter works additionally shed light on the fully nonlinear system culminating in
proving Lipschitz ill-posedness.

In sum, the well-posedness theory obtained in the literature reflects in general the physically observed
instabilities related to the Prandtl equations. One of the questions which arise is if extended models as
(1.1) inhere better properties as a result of the finite speed propagation. In [8] we provided a positive
answer to this dilemma, enlarging the Gevrey scale from the class 2 to the class 3. With the current work,
we show, however, that System (1.1) is still not desirable for the well-posedness in Sobolev spaces.

1.3. Some physical aspects of the model

System (1.1) formally arises as a (linearised) model for the boundary layers of the incompressible Navier—
Stokes equations, whose Cauchy stress tensor is “delayed” through a first-order Taylor expansion:

VU(t,")+VU(t, )"

3 .
Specifically, by differentiating the equation for U with respect to time, multiplying by 7,., and adding this
to the original equation, we obtain

(1,0, + 1) (U + U - VU) + VP = div(,.0;S + S) = pAU,

O0U+U-VU+ VP =divS, S(t+ 7, ) = S(t,) + 7:0:S(t, ) = p (1.2)

where P represents a suitably defined new pressure term. This formulation is known as the hyperbolic
extension of the Navier—Stokes equations. We refer to [2,8] and references therein for a deeper discussion
on the physical motivations and derivation of the model. We point out that this delayed relation on S
was introduced in fluid dynamics by Carrassi and Morro [4], inspired by the celebrated work of Cattaneo
[5,6] on heat diffusion. Moreover, System (1.2) represents somehow a simplified version of the celebrated
Oldroyd-B model (or Maxwell equations, cf. for instance [19]):

U+U - VU —vAu+VP = pydiv T,
VU(t,")+ VU, )"
2 )
2
where the constant ~ represents the time scale for the elastic relaxation. Equation (1.2) neglects nev-
ertheless several terms of Oldroyd-B, in particular the convective and upper convective derivatives. We

might therefore interpret our results as precursors for the analytical understanding of boundary layers of
viscoelastic fluids.

T +u-VT+yT-VUT — (VUO)I'T = p

1.4. Main result

For the sake of comparison, we employ a similar Ansatz as the one of Gérard-Varet and Dormy [12]. All
along the present manuscript, we denote by W3*°, with s > 0 and a > 0, the following weighted Sobolev
spaces in Ry = [0, 00)

Wioe =W Ry) = {f € W>(R) such that y € Ry +— e f(y) is also in WS >°(R;)},

endowed with the norm || f|lys.c := [[e® f|lyjs. . For the entirety of this manuscript o > 0 is fixed and
might be imposed equal to 1 (we keep the notation W2>° mainly because of [12]). Since our solutions
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are periodic in the tangential direction x € T, we also set H"™W2>> = H™(T,W2>°(R4)), m > 0 and
also C*W2° = C¥(T, W2°°(R)), making use of the Fourier transform in x € T:

1

HrWos — {f =S @R (oy) €Tx Ry,  [flamwa = (Z(l n k2>m|fk||%moo)2 < oo},

kEZ keZ

CoWo> = {f = ka(y)e“” (x,y) e T xRy, iuIZ) ™| fellwsee < 00, for a given o > 0}.
kez €

Our main result expresses the ill-posedness of System (1.1) in H™W?2° when the shear flow Us(y) is
non-monotonic. It develops around a family of solutions that are of unitary size in Sobolev spaces at t = 0
and experience an inflation of the norm after any short time t = § > 0.

Theorem 1.1. Assume that the shear flow Us = U,(y) is in WE>(0,00) and satisfies the structural
relations Ug(a) = Ul(a) = 0 together with U!(a) # 0, for a given a € (0,00). Then for all m > 0,
€ [0,1/3) and small time § > 0, there exists a pair of initial data

(tin, urin) € C(T, Wy (Ry)) x C(T, W™ (Ry)) < H™(T, Wy (Ry)) x H™(T, Wy (R+))
wlth Huin”HmW(},‘“’ + Hut,inHHngroc S 17

that generates a global-in-time smooth solution u of (1.1), which satisfies

sup [u(t) g > 5. (1.3)
0<t<s
Remark 1.2. We allow the solutions u in Theorem 1.1 and the suitable family of initial data to take
values in C. Nevertheless, since the shear flow as well as all other coefficients (1.1) are real-valued, taking
the real (or imaginary part, respectively) provide (non-trivial) real-valued solutions which undergo the
same instability mechanism.
The parameter u € [0,1/3) allows to enlarge the Sobolev space for the values of the solutions. As long
as the regularity index of H™ # differs less than 1/3 from the original space H™ (a reminiscent of the
Gevrey-class 3 regularity), the problem is still ill-posed. An analogous threshold was shown in [12] with
i € [0,1/2) (reminiscent of Gevrey-class 2).

As for its homologous problem in [12], the instability process described by Theorem 1.1 is mainly enabled
by a meaningful family of initial data, which highly oscillate in the tangential variable x € T. More
precisely, at high frequencies k > 1, we select initial data (uin,usin) on the eigenspace of e’ and
determine a suitable non-trivial asymptotic of the (¢, y)-dependent Fourier coefficients as frequencies
k — oo (more details are provided starting from Sect. 2). We show that the corresponding solutions grow
as ¢ VFt at least for a very short time depending on the frequencies (cf. Sect. 1.5, Proposition 2.1 and
Lemma 2.3). Moreover, as k — oo, the profiles in y € Ry of the initial data relate to a suitable “spectral
condition” for the following ordinary differential equation:

Lemma 1.3. There exists a complex number v € C with Im(y) < 0 and a complex solution W : R — C of
the ordinary differential equation

3
(v - 22)2dile(z) + % {('y - ZQ)W(Z):| =0, z €R, (1.4)

such that lim, ., _ o W(z) =0 and lim,_, 1 W(z) = 1.

The ODE (1.4) is similar to its homologous (1.7) in [12] (cf. also here (3.18)). They do present, however,
some technical differences that are mainly due to the fact that the leading operator of Prandtl is a heat
equation, whereas the leading term in (1.1) is a wave equation (at high frequencies k > 1).
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Remark 1.4. Theorem 1.1 remains valid even when the equation for « in (1.1) is replaced by
(7:0¢ + 1) (0w + Us (y) O + vU.(y)) — Opu = 0,

where 7, > 0 represents a positive retardation time. Furthermore, Theorem 1.1 also applies for 7, = 0,
a case which directly follows from the renowned result of Dormy and Gérard-Varet [12]. It is important
to note, however, that the nature of the solutions causing the inflation differs significantly between the
cases 7 > 0 and 7, = 0. For a general 7, > 0 and a given frequency k € N, we infer that the norm

of these solutions grows exponentially as exp {Ct%}, as we will show in our forthcoming analysis for

the case of 7,. = 1. This indicates that these solutions cease to exist as 7. — 0. In contrast, for 7. = 0,
Dormy and Gérard-Varet constructed solutions that exhibit a rapid growth over time as exp{Ct\/E} for
fixed frequencies k € N. These particular solutions of Dormy and Gérard-Varet demonstrate therefore
the ill-posedness of the Prandtl equations (7. = 0) in Sobolev spaces.

1.5. A quantitative result about the ill-posedness of the Prandtl equation

The pioneering work of Dietert and Gérard-Varet [10] established the local-in-time well-posedness of the
Prandtl equations, when the initial data have Gevrey class 2 regularity along the tangential direction
x € T. Before their result, the exponent of Gevrey-class 2 was attained only in the special setting
prescribed by [22], in light also of the previous investigation of Gérard-Varet and Dormy [12] on the ill-
posedness of Prandtl in Sobolev spaces. Indeed, for any sufficiently large frequency k > 1, Gérard-Varet
and Dormy succeeded in establishing solutions of the linearised Prandtl equations around a non-monotonic
shear flow (Us(y),0)

Opu+ Us(y)0pu + vUL(y) — Oju =0, Ozu ~+ Oyv = 0, (t,z,y) € (0,T) x T x Ry, (1.5)

experiencing a dispersion relation proportional to v/k. Their result was later on strengthened by further
investigations on related problems, we report for instance Gérard-Varet and Nguyen [15] and Ghoul et

al. [16], emphasising that there exist solutions experiencing growth of order eVFt in the frequencies:

e The authors ... construct O(k~—°°) approzimate solutions that grow like eVht for high frequencies k
m x,

e its linearisation around a special background flow has unstable solutions of similar form, but with
ok ~ MWk, for k>> 1 arbitrarily large and some positive A € R;.

Because of this growth rate, one may wonder why Gérard-Varet and Dormy addressed the ill-posedness
in Sobolev spaces rather than in any Gevrey-class m, with m > 2. With this section, we want to high-
light some quantitative aspects related to the proof in [12] that play a fundamental role in the present
manuscript as well. Furthermore, in our case we build solutions of the hyperbolic extension (1.1) with
a dispersive relation of order v/k; thus, these remarks reveal also our choice of Sobolev rather than
Gevrey-class m, with m > 3.

Roughly speaking, the most compelling reason resides in the maximal lifespan for which the mentioned
growths occur: it is proportional to t ~ In(k)/v/k for the Prandtl equation and to ¢ ~ In(k)/V/k for the
hyperbolic extension. To be more specific, we state the following corollary of Theorem 1 in [12], when
applied to the autonomous system (1.5).

Corollary 1.5. (due to Theorem 1 in [12]) Let Us € WE°(R,) and assume that Ul(a) = 0 and U/ (a) # 0
for some a > 0. Denote by T the semigroup of (1.5) for analytic solutions (cf. Proposition 1 in [12]).
There exists o > 0, such that

sup H e W10\

0<t<s
for all§ >0, m>0 and p € [0,1/2).

(t) ||£(H7YLW§Y°O7H7TI,—[LW2‘D°) = +o00,
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The result of Gérard-Varet and Dormy implies in particular that 7" does not extend to an operator in
the Sobolev space H™W 2%

Our aim is to present a refined version of Corollary 1.5, which provides indeed an explicit lower bound
of the semigroup T}, (the projection of T' on the eigenspace generated by e?*), associated to

Oyuy + ikUs(y)uy + v Ul(y) — 8§uk =0, ikuy + 0yv =0, (t,y) € (0,T) x Ry, (1.6)
with vy = ux = 0 in y = 0, and an explicit upper bound for the time in which the instability occurs. Our

main result reads as follows:

Theorem 1.6. Let U, € W2(Ry) and assume that Ul(a) = 0 and U!(a) # 0 for some a > 0. Then
there exists oy > 0 such that for all o € [0,00) and k € N, the following inequality

sup e‘”tk% HTk(t)H.c(Wg’”) > Cgkzé, (1.7)

In(k)
0<t<500—57 va

holds true for a constant C,, which depends uniquely upon o and og.

Theorem 1.6 implies in particular Corollary 1.5. Indeed, at any small time ¢ = § > 0, we may consider a
sufficiently large frequency k > 1 with In(k)/vk < 2(og — 0)d, so that

sup ||e 7ty/19: T(t

= sup supk He~ ”thHT
0<t<6

0<t<68 keZ ||£(Wg’°°’W3’°°)

||L Hmw o Hm-—nwd o) —

> sup k2 M = too0.
E>k

Remarkably, Theorem 1.6 provides an explicit inflation of the norms at any frequency k € N, as well as a
related maximum lifespan. This time is proportional to ¢ ~ In(k)/ Vk and was somehow already observed
in the proof of [12] (cf. pag. 602 in [12], where the authors obtained a contradiction considering a time
t> (e)|ve, with e = 1/k).

On a more technical level, the proof in [12] develops around the following ansatz for a velocity field
ult, 2, y) = (-Us(@bri etk
therefore a-priori a growth as e"“‘ft, at any time ¢ > 0. However, we shall emphasise that this flow is a
solution u!" = ug(t, y)e’™ of a “forced” version of the Prandtl equations, which depends on a non-trivial
remainder 7, = Ry (t,y)e’ ™ (cf. (4.2) in [12], with ¢ = 1/k and u. = uf). Hence, in order to transfer the
instability of u'™ to a homogeneous solution u of Prandtl, the authors invoked the Duhamel’s identity

t

W (1, y) — ur(t,y) = / Ti(t — 5)(Ri(5)) (),

0

Uy (y), where 7 € C and o := Zm(7) < 0. This function u experiences

(cf. the identity below (4.2) in [12], where U. = uf' and U. = u;,). Roughly speaking, u, behaves similarly
as u}lr, as long as the integral at the r.h.s of Duhamel is sufficiently small. Theorem 1.6 translates this

smallness relation in terms of the semigroup T} and the maximal lifespan t = 2(00170) h:}g). We obtain a

similar result also to the hyperbolic extension (1.1) (cf. Sect.2 and Lemma 2.3).

Remark 1.7. Finally, we shall remark that the norm inflation of Theorem 1.6 is inefficient in providing
ill-posedness in GMW2>° (Gevrey-class m in x € T), with m > 2. The analytic semigroup T'(t) never
extends to an operator from G*W-> into G"W> (with a smaller radius of regularity 7 € [0, 0)) if and
only if
1

sup sup T T ()] o) = oo, (19

k€Z 0<t<6
for any 6 > 0. Inequality (1.7) does not automatically imply (1 8), since it would require that (1 7) holds

true at a time ¢ ~ “-1k =3, which satisfies e(7=?)F" Motk (1) The upper bound ¢ < In(k)

2((70 o) Vk is
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hence too restrictive for the ill-posedness of the linearised Prandtl equations in any Gevrey-class m, with
m > 2.

The main goal of this paper is to address the ill-posedness of the hyperbolic extension (1.1) in Sobolev
spaces. We, however, provide a short proof of Theorem 1.6, as further support of the pioneeric work of
Gérard-Varet and Dormy [12] (cf. Sect. 4).

2. Outline of the proof

In this section, we illustrate the general principles that we set as basis of our proof, and we postpone the
technical details to the remaining paragraphs. Our proof develops along three major axes:

(i) We project the main equation (1.1) into frequency eigenspaces in zz € T (cf. (2.1)) and we perturb
the resulting equations with some meaningful forcing terms (cf. (2.2) and Proposition 2.1). This en-
sures a specific exponential growth (typical of Gevrey-class 3 regularities) on certain inhomogeneous
solutions. In particular, this exponential growth holds true, globally in time.

(ii) Locally in time, we transpose the growth described in (i) to the original homogeneous equation.
Contrarily to (i), this holds uniquely for a very short time, which depends in particular upon the
frequency of each eigenspace (cf. Lemma 2.3).

(iii) Finally, making use of the homogeneous solutions built in (ii), we derive an inflation of the Sobolev
norms of the solutions of (1.1) as described by Theorem 1.1.

We postpone the major aspects of part (i) to Sect.3 and we devote this section to some underlying
remarks and the details of parts (ii) and (iii).

(i) The inhomogeneous equation and the global-in-time growth of Gevrey-3 type

We first formally project the main equation (1.1) to the eigenspace of each positive frequency k € N in
the x-variable, by means of the Ansatz

u(t,,y) = ™ ur(t,y), v(t,z,y) = ke™ur(t,y), (tz,y) € (0,T) x T x Ry,
We hence look for a suitable family of (¢, y)-dependent profiles uy, which solve the homogeneous system

(8¢ + 1) (Bpup, + ikUsup + kopUl) — Ojur =0 (t,y) € (0,T) x Ry,

g + 8yvk =0 (O,T) x Ry, (2 1)
(ks Opug) |,y = (Ukin, Uk,t,in) Ry, .
Uk|y:o =0, Uk|y:o =0 (O,T).

Since this equation is (roughly) a linear damped wave equation at each fixed frequency k € N, we infer
that any initial data (ugin, Uk tin) € W;’Oo X ng generates a unique global-in-time weak solution
uy, € L=(0,T; W2°°), for any lifespan T' > 0. Furthermore, we also infer that u; can be written in terms
of a semigroup T}

uk(t) = Tk(t) (uk’in,uht,in), with Tk(t) : W;’OO X Wao,oo — Wg’oo,

for any 7' > 0 and any ¢ € (0,7). Certainly, uy satisfies additional regularities; however, our central goal
is to estimate uy in L>°(0,T; W) and to determine a suitable growth of [Juy(£)]l;y0. as time increases.
As depicted in part (i), we momentarily allow for perturbation of equation (2.1) by means of a general
forcing term f;, € L>(0,T; W2°°). To avoid confusion in the notation, we set this inhomogeneous version
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in the state variable ufj = ug (t,y), which reflects a “forced” version of the hyperbolic Prandtl equation:

(0r + 1)(8,511% + ikUgul 4 kv,fo;) - 6§uf€r = f, (t,y) e (0,T) x Ry,

iug + dyvf =0 (0,T) x R, 09)
(ull, Byl |i—0 = (ki in, Up t,in) R,
wlyo = 0, iy =0 01)

We hence aim to determine a meaningful non-trivial forcing term f, such that (2.2) admits a solution ufj

. . . 1/3 .
of (2.2), whose norm “ug(t)‘lwo,w experiences an exponential growth in time as eo** " for a suitable
@

constant oo > 0. This growth holds true at any time ¢ € (0,7), as described by the following proposition.

Proposition 2.1. Assume that the shear flow Uy = U,(y) is in W2°(0,00) and satisfies the relations
Us(a) = Ul(a) = 0 together with U (a) # 0, for a given a € (0,00). For any positive frequency k € N,
there ezist two non-trivial profiles Uy, Ry : Ry — C in W2(Ry) and W2°(R,), respectively, and
there exists a complex number 7 € C only depending on U, with negative imaginary part Tm(t) < 0, such
that the initial data and the forcing term

1 .1
uk,in(y) = Uk(y)a uk,t,in(y) - ZTkﬂUk(y)» fk(ta y) = _k%GZTk3tRk(y)7 (t7y) S (07T) X R+7 (23)
generate a global-in-time solution uf € L°°(0,T; W) of (2.2), which can be written explicitly in the
following form
1 1 4
uf(t,y) = TR (y), vf(t,y) = k™ (y),  with Vi(y) = —i/Uk(z)dz. (2.4)
0

The sequences (Uy)gen is in W2 (R) and it is uniformly bounded from above and below in W2 (R.),
namely there exist two constants ¢,C > 0 such that

0<c< ||Uk||W2’DO(R+) <C < . (25)

Furthermore, at high frequencies, the sequence (k%Rk)keN is uniformly bounded in W9 (R,): there
exists a constant Cr > 0, which depends uniquely on the shear flow Uy, such that

5 Rk llyyo.00 < Cr < 00, for any k € N. (2.6)

Remark 2.2. Denoting by oo := —Zm/(7) > 0, Proposition 2.1 implies that ||u£r(t)||wg,oo ~ 0kt gt
any t € (0,7), thanks to the explicit form (2.4) of the forced solution uf. Indeed, invoking also the
uniform estimates from below in (2.5), we gather

1 1
Hug(t)ng,oo(R” = e_Im(T)k3t||Uk||W3,oo(R+) > cetok?t for any t € (0,T). (2.7)

Unfortunately, this method of determining an explicit solution as in (2.4) seems to work uniquely for
the inhomogeneous system (2.2) and it is somehow inefficient with its homogeneous counterpart (1.1)
(thus with the original system). This is mainly due to the sequence of remainders (Ry)xen, which define
non-trivial forces (fx)ken in (2.4). From (2.4) and (2.5), || fx(¢)[|y0. does not vanish (a-priori) as k — oo.
We will determine indeed an explicit form of Ry, (cf. (3.30)), which implies in particular

klim k%Rk(y) =iH(y —a)U(y) #0, forall y >0 with y+#a,

where H stands for the Heaviside step function. The contribution of f; to the global-in-time instability
seems to be not negligible. However, we show in (i7) that we can still obtain a similar result with the
homogeneous equation, at least for a very short time that depends on the frequencies.
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Since the proof of Proposition 2.1 is rather technical, we postpone it to Sect.3. We anticipate that it
follows a similar approach as the one used in [12]: we plug the ansatz (2.3) to the main equations (2.2), we
analyse the asymptotic limit as frequencies k — oo and we reduce the problem to a “spectral condition”
on a related ODE. We shall hence devote the remaining parts of this section to address the details of (i7)
and (4i7) and thus to the proof of Theorem 1.1.

(ii) An instability of the homogeneous equation at a short time ¢ ~ In(k)/vk

Based on the result given by Proposition 2.1, we aim to obtain a similar instability for the homogeneous
system (2.1), which will lead in (i) to the ill-posedness of (1.1) in Sobolev spaces. We first invoke the
following Duhamel’s formula, which relates a general forced solution uf' of (2.2) with the semigroup T}
of the homogeneous system (2.1):

i () = Ti(t) (Wh,ins n,tin) (y) +/Tk(t —5)(0, fr(s))(y)ds. (2.8)
=k (t,y) 0

Here we shall interpret uy as the unique solution of the homogeneous problem (2.1), with same initial
data of ufj. Roughly speaking, in order to transfer the instability of ufcr to ug, we need to ensure that
the integral on the r.h.s. of (2.8) remains sufficiently small. With the following lemma, we translate this
condition directly as a property of the semigroup Ty (¢) at a time ¢, which is (at maximum) proportional
to In(k)/V/k (thus a time that vanishes as the frequency k — o).

Lemma 2.3. Assume that the shear flow Us = Ug(y) is in W2°°(0,00) and satisfies the relations Us(a) =
Ul(a) = 0 together with U (a) # 0, for a given a € (0,00). Let 7 € C be as in Proposition 2.1 and denote
by o9 := —Im(7) > 0. For any k € N and any o € (0,00) the following inequality holds true

(00 —0)

C
5(0’070’)4*6}%7 (29)

wpeott? |70

1 In(k)
0t srrdeay HE

1 ,
WA w9 ) > Cok3  with C, =

where the constants ¢ and Cr are as in Proposition 2.1.

Remark 2.4. Before establishing the proof of Lemma 2.3, some remarks are here in order. Inequality (2.9)
is written in terms of the semigroup 7Tj. It implies, however, that there exist two profiles u;, x € W2
and ug inx € W2 with ||Uin’kHW(i,oo + ||Ut’in,k||W2,oo < 1 (which may differ with respect to the ones of
Proposition 2.1), such that the generated homogeneous solution uy of (2.1) satisfies

sup e*”tk% ||uk(t)HW2,oo > C, k3. (2.10)

1 In(k)
0=t<3007=57 37

Unfortunately this inequality presents a major disadvantage: it is unclear at what time the inflation
|| (t)HWo,x > C,k3e7*"”* holds true. This is deeply in contrast with the instability (2.7) of u!f, which
is indeed satisfied globally in time. Certainly, (2.10) is not achieved at ¢ = 0 because of the initial data;

—otk'/3 ~ 1)

however, the inflation may occur at a time ¢ very close to the origin (for which e . Furthermore,

also in case that the inflation occurs at the largest time ¢ = 3(001_0) 11]\3%), we may obtain at best that

luk @) llyyo.00 > CUkS(“TJ—f’), which somehow implies only an inflation of Sobolev type. In other words,
because of the time limitation of estimate (2.9), we deal in this work only with ill-posedness in Sobolev
spaces and our approach seems to be inconclusive in Gevrey-class m, with m > 3.
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Proof of Lemma 2.3. Assume by contradiction that there exists a frequency k € N, so that

(co—0) 1

_oth} c
sup € ths HTk(t)H£ < §mk3, (211)

OStSWI_U)IH\syg
where we have used the abbreviation £ := ﬁ(WOlZ’O" X WOOZ’OO,W,S’OO). We consider the global-in-time

solution ug (t,y) = e”kl/gtUk(y) provided by Proposition 2.1, which by uniqueness (at a fixed frequency)
also satisfies the Duhamel’s relation

ui (t,y) = T(t) (Un, ik Ux) (9) + /Tk(t — (0, ~k¥e Ry () (y)ds,
0

thanks to (2.8). Hence, applying the W2 *-norm to this identity and making use of the triangular in-
equality, we gather that

t
. 1
1T (8) (U, ik 3 U) e > [ (8) e — / ITi(t = 5)(0, k4 ™ 5 Ry, () |0, s
0

t
1 1
> cemok¥t _ / ITi(t = 9)l| k3 1Ra ()l e ds
0

t
1 1 1 1
> cetokst _ / ||Tk(t _ S)”[, e 0k3 (tfs)k% HRk(s)ng,ooe*(o’ofo)(t*S)kB dseCotks ’
0

where we have estimated ||uf§(t)||wgoc with the inequality in (2.7). Hence, applying (2.11) and invoking
the uniform bound (2.6) on the forcing term Ry, we obtain
t

(00 B U) k%CR/ef(ogfa)(tfs)k%dseaok%t'

1 1 C
T.() (U, itk3U o > ceookdt _Z_ V70 T
15 () (U irk = U) g 2 ce 2 (00— o) 1 Cr

Multiplying both 1. and r.h.s. by e*"'okl/at/c and calculating explicitly the integral on the r.h.s, we get

O Uik ) s > 1~ LSO (1 gmtov-oehe
T ,00 - a7 N A - :
c k k Rollwee = 2(cog—0)+Cr

1 1 1
Recasting e~ 70k?t = ¢~ (0=0)k3to=0k3t o the 1h.s., we apply once more (2.11), to deduce that

1 (00 — U) e—(oo—a)k%tké >1_ 1 Cr 11— e—(oo—a)k%t
2(00—0)+Cr - 2(0o0—0)+Cr ’
for any time t € [O, 3(00170) 111?%)]- We hence set t = 3(00170) lri?;?, which in particular implies that

e~ (00=)kM*t — }=1/3 g5 that

1 (o0—0) ., 1Cr1—-k73)
2(00—U)+CR_ 2(0‘0—0’)+CR.
By bringing the last term on the r.h.s to the Lh.s.,; we finally obtain that
1 . 1(0‘0—0)+CR > 1(00—U)+CR(1—]<5_%> >

2 2(opg—0)+Cgr ~ 2 (0o —0)+Cr -

which is indeed a contradiction. This concludes the proof of Lemma 2.3. g

)
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(ii) Proof of Theorem 1.1 and the inflation of the Sobolev norms

Thanks to Lemma 2.3, we are now in the condition to conclude the proof of Theorem 1.1. Let o be a
fixed value in (0,00) = (0, —Zm(7)) and let § > 0 be an arbitrary short time. We first recall (2.9)

sup e“’tk% ||Tk(t)||L > C k5, (2.12)

1 In(k)
0St<soo— 5

for any k € N, where £ abbreviates £(W2> x W2 W), Recalling that p € [0,1/3), we consider a
general frequency k € N that satisfies

1 In(k)

3(o0 —0) Vk

By multiplying (2.12) with £~#, we remark that there exists a time t5 € (0,6), such that

1
<4, and Cgk%_“zg.

1 1
I Ti(ts) | 2 Kot | Tata) ||, > Cokd ™ > 5.
Next we write the above estimate in terms of a specific solution uy = uy(t,y) of the homogeneous system
(2.1): we consider two profiles ui, x and w jn x in Wal*‘x’ and Wao’o", which satisfy

_ 1
||Uk,in,k||walv°" + ||Ut7in7k||W2,oc <1 and k MHuk(th)ngvm > 5 where  ug(t) := Tk (t) (Uin,k, Ut,in,k)-
We hence set a solution u = u(t, x,y) with of the original system (1.1) by means of
1
(1+ k2)m/2

In particular, the initial data of u satisfy

U(t,l’,y) = eikwuk(ta y)v (t7x,y) € (OaT) x T x R-i-'

[|(0, ')”HmW;’“’ + [|0¢u (0, ')HHng"O = Huk,in,kHW;’“’ + Hut,in,kHng <L
On the other hand, the following inflation of the Sobolev norm holds true at t = ts:

1
[t gm-sype = B {un(Es)| 0. > 5

This concludes the proof of Theorem 1.1.

3. Proof of Proposition 2.1

Without loss of generality, we may assume that UJ(a) < 0. Contrarily, we might set Us(y) :== —Us(y),
a(t,x,y) == —u(t,—x,y), 0(t,x,y) :=v(t,—z,y) and f(t,z,y) = —f(t, —x,y). Thus, (4, ?) is solution of
(0 + 1) (0t + UsOpi + 0U]) — 0= f,  with U/(a) <0.

For simplicity, we denote by € = £(k) := 1/k > 0 the inverse of a positive frequency k € N, so that ¢ — 0
when k — oo. Furthermore, throughout our proof, we will repeatedly use the following abuse of notation:
we interchange any index k of a general function with its corresponding index ¢, for instance

Ug = U, Ve = Uk, Vs :Vka REZRkv

and so on.
We aim to construct a solution (u. (¢, z,y),v:(t,z,y)) of (2.2) with a forcing term f. (¢, x,y) of the form
Z—u(s)t+m 1 Z—w(e)t+m 1 iu(s)t+m

us(t7x7y) =e N Ué(y)7 ’Us(t,l',y) = ge € VE(y)v fE(t7x7y) = _ge

Re(y), (3.1)
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for a suitable w(e) € C that we will soon determine and suitable profiles U, V., R¢ : [0,00) — C. We
momentarily take for given that w is O(7) and R. € W (R_.), for any € > 0, with [Rellyyo.o in 0(6%)
(for the impatient reader, check (3.4) and (3.30)).

In reality, the profile U, is redundant, since the divergence-free condition implies that

1wttt 1 jeEtte
€ €

Ovue +0yve =0 = ¢ Ue(y) + e Vi) =0 = |Uly)=iVi(y)]

We hence plug the expressions (3.1) into the main equation (1.1). We obtain that U. and V. satisfies

o { (iw(g) + 1) (iwg(g) Ue(y) + éUs(y)Ua(y) + iUé(y)Va(y)> - Ué’(y)} e LA X ()

9

cw(e)ttax
e

Dividing by e*

(“"(f) " ) (w<s><—wa<y>> T UL (y) (—iL(9) — U;<y>ve<y>) LUy = Re(y).

and multiplying by —*/? we get

€3
Thus recasting the above relation uniquely in terms of V. (with V. = —iU,.), we finally derive the
following ordinary differential equation:
w(e 1 . 4
(P25 &) ((wlo) + ) Vel) - Vel +ie32/0) = Res), w>0. (32

We shall remark that for any V. satisfying (3.2) in distributional sense, in reality V. belongs to W2 (R )
and V. € W3(R,) (V. does not need to decay as y — oc), for any e > 0, since U, € WA and
R. € W2, Formally, by sending ¢ — 0, denoting the asymptotic V. — v,, and recalling that the limit
iig(l) £72/3w(e) # 0, we obtain the equation

Us(y)va(y) — Ul(y)va(y) =0,  y>0. (3.3)

Of course this limit is only formal, we shall soon analyse the difference between a solution V. of (3.2) and
a solution v, of (3.3). Since Us(a) = U.(a) = 0, for a given a € (0,00), (3.3) admits a non-trivial weak
solution given by

va(y) = Hy — a)Us (y) |

We remark that v, belongs to W2:°(Ry) N W23 (R,\{a}), since Ul(a) = Us(a) = 0. However, v
behaves as a Dirac delta distribution in y = a, since U/ (a) # 0.
We next set a complex number 7 € C\{0} and we introduce the following Ansatz:

w(e) =e37| (3.4)

We hence aim to determine V. of (3.2), making use of the following perturbation of v,, depending on 7:

—a
NG
2 2 y—a
— (v + i) -0+ 8V (222 ) 2t
where @ is a fixed smooth function with compact support in (0, c0), which is identically equal to 1 on a
neighbourhood of y = a. Hence, the unknowns are momentarily the profile V' : R — C and the complex
number 7 € C. We remark that the expansion (3.5) is similar to its homologous (2.5) in [12] for the Prandtl
equations. There are, however, major differences in the exponents of the terms in €. These eventually

lead to different dispersion rates: of order vk = ¢~/ for System (1.1) and of order vk = =1/ for the
Prandtl equation.

Ve(y) == va(y) + 5 7H(y —a) + 3V (y ) ®(y)

(3.5)
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Remark 3.1. Since V. belongs to W, the profile V must cancel the singularities in ¥ = a of the
functions v, (y) and e37H (y — a). We will show that V' is indeed in W3 (R \{0}) N L>®(R,) and V’
behave as a Dirac delta distribution —79, in y = a.

Replacing (3.4) and (3.5) into (3.2), we gather the following equation for the profile V:

(ir+2h) { (hr+0.w) (vé(y) +eimda(y) + E%di {q)(y)v<y\3—@a>D+

Y —

E

—~Ui(y) (va(y) +eSTH(y —a) + é‘%‘I’(y)V(

We first remark that several terms of (3.6) cancel out thanks to the definition of v, in (3.3) and the
conditions on the shear flow Us(a) = Ul(a) = 0. Indeed, (3.6) can be recasted as

(im+ ) {Fr (st = B = Vi) + 30+ 72 [y (22|

=60 (y)Us(y)=0

+ (T = VW) ) +<3r U w)a ) +<10.0) 3 [0V (L2 )| - Fviwewv () }+
+iesv (y) + it (y) + z’aQCZ‘l—; [@(y)v(y\;ﬁ“)] =Re(y).

Next, we divide the above relation with £*/3 > 0 and we remark that v"(y) = U (a)d,(y)+H (y—a)U" (y).
Hence, we are left with the following identity, which shall be intended in terms of distributions D’(0, co):

e st e o (252 g o () S ()
. 3 '
iU @8ul0) + By = UL () + im0 ) + i€ eV ()] = R,

We next apply (3.7) to an appropriate test function ¢ € D(0,00). We first consider a general test function
1 € D(R) having supp ¢ C (—a/ /e, 00) is valid. Hence we set ¢(y) = ¥((y — a)//€), for any y > 0. By
applying (3.7) to this specific test function ¢, we get the identity

(ir+?) {72«/)(0)—7 Jowv(L2)w (L) S - [ewv (Y2 & <Us(y)¢(y&;)>dy+
0 0

—e7s ZU;(y)@(y)v(y%“)w(y%“) i:l/yg} + iU (a)(0) + jU;"(y)w(y%a)dy +iry" (0)+
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We perform a change of variables with 2 := (y—a)/¥/e € (—a/¥/e,00). Hence y = a+ ¥/cZ and dy = /edz,
so that

(ZT+E3>{T Y(0)—1 [ ®(a+ Je2)V(E)Y e 3 / (a+ ¥e2)V(3) dz( s(a+ )Yz ))d2+
~% ~%=
e [ vl s ﬁz)vw)w(s)dz} iU (@) 0) + 19z / UL 0+ YE2)y6(5)d5+
¥
+irs'0) = [ et YVE O =] [ Rat s

NG G

In particular, we deduce that V is distributional solution in D’(—a/ /e, 00) of the following equation:
; i 2¢ (2 d 3/7z s -2 o=z d 3/7z s
(m‘—i—ss) 7260(2) +T (<I>(a—|— \/Ez)V(z)) +e 53U (a+ ﬁz)&[q)(a—i— D)V (Z)|+

— e 35U (a+ /e5)®(a+ f/gé)V(Z)} +iU"(a)b0(3) + i3 H(Z)U (a + Y/e2) +itol (5)+ (3.8)

.d3 3/~ ~ —1 3/
+iTs [‘I’(a—k \/EZ)V(Z)] = '"Re(a+ ¥ez).

Remark that although V' does not depend on ¢ > 0, the remainder R, is still unknown and will be chosen
to absorb all the e-dependences. We now send e towards O in order to determine an equation for the
profile V in D'(R). We recall that we assume R. € O(e?) in W%, that both U,(a) = Ul(a) = 0 and
that Us € W4°°(0, 00), hence

Ué(a"_ \?/\f/é) — Us/(a) _ EU;/((I),
Us(a+ ¥22) — Us(a) — Uj(a) /2% _ 2 U (a)
2

2
€3

lim e 35U/ (a 4 {/z%) = lim
e—0 e—0

lim e 3 U,(a + {/2%) = lim
e—0 e—0

for any z > —a/ /. Since the shear flow Uy is in W2°°(0, 00), the convergence is uniform in any compact
set of (—a/+/e,0). Hence, as € > 0 vanishes, recalling that ®(y) = 1 on a neighbourhood of y = a, we
are left with the following identity for the profile V:

72 1
{7200(2)+ (745 UL (@) V/(2) =20 @V (3) }+UL (@) (2)+786 (2)+V " (=0 mn D'(R).  (3.9)

In particular, we aim to determine a profile V€ W3°°(R;\{0}) (decaying to 0 as Z — =+o0), which is
solution of the following linear ordinary differential equation away from the origin

T{ (T + %QU;’((L))V’(E) - zU;'(a)V(z)} +vV7(z)=0, zeR\{0 (3.10)

fulfilling also the following jump relations at the origin:

V)jemo = lim (V(z+h) = V(z=h)) = -,
[V']jz=0 = Jim (V'(Z+h) = V'(2=h)) =0, (3.11)
V")jz=0 = lim (V"(Z+h) = V"(Z =) = ~U{(a).
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We next remark that the function z € R\{0} — 7 + U/(a)2?/2 is non-decaying solution of (3.10).
Furthermore, 7 € R — H(2)(7 + U/ (a)2?/2) is a distributional solution of (3.9) and it satisfies the jump
conditions of (3.11). We can thus get rid of the singularity at the origin by superposition introducing the

function
12

V(Z)=V(2) + H(3) (T + UTW)Z?) zeR.
The new profile V shall be determined in I/Vlicoo (R), satisfying the ODE

52 ~ ~ ~ 111
T{ (r + %U;’(a))v’(z) - 5U;'(a)V(5)} LV () =0, zeR,
s : o5 Ud(a) oo
EEIPOO V(%) =0, zglfoo (V(z) - (T t—5 7 ) =0.
Next, recalling that we seek for a 7 € C with Zm(7) < 0, we introduce the function
- V(2
e p—
T+ Ul (a)%5
We thus get that W € W3°°(RR) shall satisfy

zeR.

(vl e ey )ve] <o zen

with boundary conditions
lim W (%) =0, lim W(%) =1.

Z——00 Z—+o00

Finally, we perform the following change of variables

- (|U;/2<a>|)%% . (W2()|> wie) =7 (i ee),

which leads to

3

7(7 +sgn Us"(a)ZQ) 2W’(z) + @ [(7 + sgn U;’(a)zQ)W(z)] =0, zeR.

dz?
Recalling that we assume U/ (a) < 0, we finally obtain

3
*y(’y—z2)2jZW(z)+jzi,){(’y—zQ)W(z)} =0, zeR

with boundary conditions
lim W(z) =0, lim W(z) =1.

zZ——00 z—+00

3.1. The spectral condition

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

The goal of this section is to show that the ordinary differential equation (3.16), together with its boundary
conditions (3.17), admits a smooth solution W = W(z) for a suitable v € C, whose imaginary part is
negative. We proceed with a similar procedure as the one used by Gérard-Varet and Dormy [12]. We

shall, however, remark that (3.16) inherently differs from its counterpart of [12] (cf. (1.7) in

the authors derived an ODE of the form

3
(’y—z2)2%W(z) —|—i% |:(’}/—22)W(Z):| =0, z€R.

[12]), since

(3.18)
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Indeed, note that by dividing (3.16) by =, the leading third derivative in (3.16) is multiplied by 1/,
while in (3.18) the third derivative relates uniquely to i. Nevertheless, our aim is to find a v € C with
Im(y) < 0, thus (3.16) and (3.18) share eventually similarities in terms of the behaviour of their solutions.
This is exploited in details in what follows.

To begin with, we consider the auxiliary eigenvalue problem (cf. (3.2) in [12]):

Af(F) = %ﬂf”(i) + %f’(f) + (ﬁ%l)?f(as) —of(F), FER (3.19)

We aim to build the solution W in terms of the eigenfunction f. In order to do so, let us first recall

certain of its underlying properties. The domain D(A) of the operator A is defined by making use of the
weighted spaces

L2 = {f e L (R), /(@2 + )Y f(2)2d(z) < +oo},
R

H = {f € HL (R), /(5:2 + DY f(@)d(E) + /(a?2 +1)°|f"(@)Pd(z) < +OO},
R R

D(A) == {f eH!, Af € 52}.

Furthermore, the function f admits an extension on a simply connected domain of C and decays expo-
nentially along suitable sectors.

Lemma 3.2. The problem (3.19) admits a positive eigenvalue o« > 0 and an eigenfunction f € D(A).
Secondly, the function f admits a complex extension, which still satisfies (3.19) and is holomorphic in
the stmply connected domain

C\{iBeC| B> Vaorp<—ya}.

Furthermore, in the sectors arg(z) € (—w/4+ §,7/4 — ) and arg(z) € (3n/4 + 6,57/4 —§) for § >0, it
satisfies the inequality

~12
F(®)] < Csexp (“ﬂ') . (3.20)

Proof. This lemma follows from Proposition 2 in [12]. Indeed defining 6 := —a'/? and z = a'/*3,
Y (%) = f(&), the function Y is solution of

(0 —ZHY"(2) — 62Y"(2) + ((0 — 2%)* —6)Y (%) = 0,
which corresponds to equation (3.5) in [12]. Thanks to Proposition 2 in [12], ¥ is holomorphic in the do-
main Up = C\ {ip € C | 8 > V0] or B <
—+/|0|} and satisfies

4

in the sectors arg(z) € (—n/4 + §, /4 — §) and arg(2) € (3n/4 4 §,57/4 — ). The result follows by a
direct substitution. O

Y(a) < oo ")

We are now in the condition of defining the complex number v € C of (3.16) in terms of the positive
eigenvalue o of Lemma 3.2. Recalling that the eigenvalue « is positive, we set

% o Im(y) = —?a% <0. (3.21)

1
vi=a3e
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This also implies that the complex number 7 = (|U”(a)|/2)"/37 in (3.15) has negative imaginary part,
ie.

We next introduce the change of variable w.r.t. (3.19),
z=aqteltF e Q= C\ {ei%/?’ﬁ €C, with 8> a*? or 8 < —012/3} ,
and the function X : 2 — C by means of
X(2) = J(¥) = fla"5e'F2), (3.22)

Remark 3.3. We shall remark that X decays exponentially as z € R converges towards +oo. Indeed, in
virtue of (3.20), we gather that

1 _m 9 1 2 / 2
| X (2)] SCexp(—\/&W> = Cexp (—QZZ|> = Cexp <—|V4||Z> . (3.23)

The corresponding derivatives of X are trivially computed:
X'(z) = a*%e*i%f'(a*%e*i%z),
X"(2) = a 5e 5 f(a v E 2).
We can now recast the relation (3.19) of the eigenfunction f in terms of X and its derivatives. First

aX(2) = af(a~be7Ez) = Af(a"beTEz)

1 v, 1 _um 60_%6_1%25 ;o 1 _;m 1
= — a e "6z)+ — a e "6z)+ — a e "6z
a"se 522 + 1f ( ) (a~3e715 22 41)2 ( ) (a—3e™15 22 4 1)2 A )
asels ,, 62 , 6
=, X Atz X))+ ——= X(2)
a~se'322 41 (a™se 322 41)2 (a73e"3224+1)2
2 2n 2 om 2 .om
ase’’s 6ase’s z 6ase’ s
= X)X (2) + ———5—X(2).
22 —qie i (=) (22 — ase™i%)2 (=) (22 — ase %5 )2 (2)

We next multiply both left- and right-hand sides with o= 3¢5 (22 — a3e~ % )2, so that
ase T (22 —ave T T)2X (2) = (22 —ate T F) X" (2) + 62X/ (2) + 6X(2).

Recalling that v = ase™*3 from (3.21), we finally obtain the following relation on X,

(22 =) X (2) = (22 =) X" (2) + 62X'(2) + 6X(2), z€Q,

which can also be written as

In this last identity, we have used that X is in R integrable, thanks to (3.22) and the exponential
decay (3.20). We hence aim to define the function W : R — C as

7fz X(s)ds
W(z):= X | (3.24)
R
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For this definition, we need therefore that X has average in R different from 0. Assume by contradiction
that this were false. Then the function F' : R — C defined by

F(z):=(y— 27 / X(s)ds

decays exponentially as z — doo. Furthermore, F' satisfies
F& 4 y(y = 22 F"(2) + 2vF(2) = 0.

Multiplying the equation by F”(z) and integrating over R, we gather

N / (7 — 22)|F"(2) [2dz - / F" () Pdz — 2y / F/(2)[2dz = 0,
R R R

Hence extrapolating the imaginary part
Im (v?
Im(&)) / |F"(2)|2dz + / (22|F"(2)]* + 2|F'(2)|?) dz = 0.
R R

Since Zm(y) < 0, cf. eq. (3.21), one has that F’ = 0 which implies that also F' = 0, from the exponential
decay. We conclude that X is identically null and so also the holomorphic function f in (3.19). Since f
is an eigenfunction, this brings a contradiction.

3.2. The velocity profile and the remainder

In virtue of the previous sections, we are now in the condition to determine both U and the remainder
Ry, introduced in Proposition 2.1. We first recast the profile V' in (3.5) in terms of the complex number
7 = v(|U"(a)|/2)*/? and the meaningful solution W of the ordinary differential equation (3.16)—(3.17).
Thanks to (3.12), (3.13) and (3.15), we have in particular that

V() = —(7’ + wzz)mz) + (7‘ + @%) W(z)

= (T + ljl;@zz’) (W( \ U/l2(a)|z> - H(Z)), for all z € R.

As predicted in Remark 3.1, we observe that V has a jump in Z = 0 (W is smooth in R) and its derivative
behaves as the Dirac delta —70(2) near the origin. Furthermore, V' and its derivatives decay exponentially
as z — oo, since from (3.17), (3.23) and (3.24) we have that

(3.25)

T 1X(5)lds y
WO TG cawen{ -} asn
fIX )lds .
W(2)| < f‘X i gcwexp{@'z'} <0, (3.26)
/ X (2) eI
|W(Z)|§W gC’Wexp{ 1 } z € R,
R
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for an harmless constant Cyy > 0, that depends only upon the function W. In particular, the profile V.
in (3.5) can be written in terms of W and 7, by means of

W) = (0.0 + ) - )+ <1 (L) e

=U,(y)H(y —a) +e37H(y — a)+ (3.27)
+ B(y) <s§r+ W){W( Wii‘”@-@) —H(y—a)}.

Next, we determine the profile Uy, of Proposition 2.1, recalling that ¢ = ¢(k) = 1/k and U, = U, = iV.(y):

Uk(y) = UL(y)H(y — a) + %ﬁul,uy) + %@umy), (3.28)

with profiles U, j, and Us j, given by

th 4t = 00 (7+ 2 - ) ) e (P - )

Un i (y) = (U;’<a>k%<y —a)d(y)+

+ ‘I’;%) (T+ U;;(a) (k (y—a))2>){W<3 U:?(a)ké(y—a)> —H(y—a)}-

The profile Uy, is in W2°(R.) for all k € N. Furthermore it is uniformly bounded from below and above
in W2 (), since it converges towards iU.(y)H (y — a) in W>°(R,), as k — oco. Indeed, introducing
the change of variable z = UST@k%(y — a), recalling that 7 = (U”(a)/2)"/?y and invoking (3.26)

Wl

i 1 |U”<a)|)§ ) {a( 2 )% WW}
—U < —||®]| 0o Cre*® = su + |z]7) exp § —= z—
ittt < griwlecwe () s (a1 + 1) exo {5 (1 :
<L
Ik
as well as
i 1 19 oo ) {a( 2 ) \/IWIZIQ}
—Us. < Cwe* sup | 2[| oo |2|+— 41z ex S z— Y
gt < ey (21l B (alelo) ) exo {5 (17 ;
<L
N

These values converge towards 0 as k — oo.
To determine the remainder R., we now take the difference between Eq. (3.8) for a positive € > 0 and
(3.9) multiplied by i. We hence decompose e 1R, into

e\ Re(a+ ¥e2) =ies U (a+ e2)H(3) + Ric(a+ Je2)+
3

+Roc(a+ Vez) + Ry o(a+ Vez) +i d (P(a+ =2) —1)V(2)],

dz3
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where the functions R, . and Ry . stand for

1

o+ VE2) = e {120(0) + (4 o730+ 9E0)) 4 [o(a+ VBRIV )+
— e 5U (a+ ¥e2)®(a + %2){/(2)},

% 28(a+ V)V (2)+ (3.29)

Roc(a+ Vez) = ir{ngs(a + %2)% [@(a + %E)V(é)}
— e 53U a+ e2)®(a + Ve2)V(2) + U (a)®(a + %Z)V(E)},
R c(a+ V7)== it ((ID(a + e7) - 1) { (7 + U”2<“)z2) V/(2) — zU;’(a)V(z)}.

By plugging the formula (3.25) in the definition of R, ., we can recast this function in terms of W (for the
sake of a compact presentation, we omit the variables in each function, resulting in W = W (y/ %2),
H=H(2),d=®(a+ ¥cz), ' = d'(a+ ¥/Z) and so on):

L (T 2 MR (SR O

2 2 " R " ) 17
LW m)e (T%BUS) (T+ U2( )~2> L /|U2( )l(D(H“US) (T+ U52(a)22)_
Similarly

Ro o (a+ Vez) = ir(W — H)@{ <z—:3U UHQ( @) 52 )U“( )Z — <s§U; - U;’(a)2> <T+ U;/Q(a) 22) }+

U// U// U/l U//
+ir(W — H)®'e 30U, (r + = (a) 22> +iTW'®{ [T (a)] 32(a)| (egUs UAC) 22) (7’ + = (a) 22>,

2
as well as

Ry o (a + V22) = iT(B(y) — 1) (T N Ué’z(a) 22> s |U;’2(a)|w,_

Hence, we recall that ¢ = ¢(k) = 1/k, for any positive frequency k € N, and we relabel R (y) := R (),
Rk (y) 1= Ra(y) and Ry (y) 1= R3 (), so that

Ru(y) =k F <W( el - 0)) - ey - a))@@){(T UL @) UL @k o)+

— k3UL(y) (T + U;;(“) (k3 (y — a))z) }Jr

e (Lt — ) I (74 13000)) (- + b - ),
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as well as

PR, 1) =ir (W( ) —H(y—a>> <1><y>{(k§U5<y>— CL 1 (y-)°) U () (-t

- (Hoi-vr@ib - o) (r+ B 1 -a))?) }+

vir (w( GO ) - H(ya)) # k3 0.0) (r+ T () -)? )+

+ifw/(3 \U;’(a)|k%(y_a))@(y) 5 @(ngs(y)_U!(a) (k%(y_@f) (T+M(k%(y—a))2),

2 2

and finally

e ) = ir(0) 1) (7 + P e - ) {1 ().

We obtain therefore the following expression for the remainder Ry:

Ri(y) = ik 35U (y)H(y — a) + k7 R w(y) + b Rogo(y) + b Ry n(y)+
i d3 U'(a) , 1 U7 (a)] 1 (3.30)
e [(‘I’(y) ~1) (7 - 752( (b - a))z)W< [tete) 2( Ny - a))] :

We shall now remark that the remainders 9, j, and Ry ; vanishes in W2 as o(k~3), as k — oo, thanks
to the exponential decay of W — H and W’. Furthermore PR3 ;, and the last term in (3.30) are identically
null on a neighbourhood of y = a (independent on the frequencies), therefore they exponentially decay as
k — oo because of the corresponding exponential decay of W — H and all derivatives W/, W’ and W'
The exponential decay of W/ and W' arises coupling the one of W’ and Eq. (3.18) of W. This conclude
the proof of Proposition 2.1.
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4. Appendix: Proof of Theorem 1.6

In this section we outline the proof of Theorem 1.6. Similarly to the procedure introduced in Sect. 2, we
address at any frequency k € N the following “forced” Prandtl equation

Dyt + ikUsupy + kvl UL — Ojug = fi, (t,y) € (0,T) x Ry,

il + 0, =0 (0,7) x Ry, A1)
Ul =0 = Uk in Ry,
uk|y:0 = 07 Uk|y:0 = O (O’ T)7

and we denote by Ty (t) : W2 — W22 for any t € (0,T), the semigroup generated by the homogeneous
system (fr = 0). Our starting point is the following proposition, that somehow recasts the main result of
Gérard-Varet [12] in terms of solutions of (A.1).

Proposition A.1. Let U, € WA2(Ry), Ul(a) = 0 and U/ (a) # 0, for a given a € (0,00). There exists
a complex number 7 € C with Im(7) < 0, such that, for any k € N, there exist U, € WE>*(R,) and
Ri € WO(R,) so that

wen(®) = Up(y),  feltiy) = —ke™ Ry(y),  (ty) € (0.T) x Ry, (A2)

generate a global-in-time solution ul' € L°°(0,T; W2°°) of (A.1), which can be written explicitly as
1 1 4
up (ty) = ™ Uk(y),  op (ty) = ke ™ Vi(y),  with Vi(y) = —i/Uk(Z)dZ~ (A.3)
0

Moreover there exist three constants ¢,C,Cr > 0 such that for any k € N
0<c< ||[Uk||W2,OO(R+) <C < o0, k‘HRk”Wgoo <Cg. (A4)
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The proof of Proposition A.1 is similar to the one of Proposition 2.1. In essence, it was performed in
[12], from Sect. 2 to Section 4.1 (although formulated differently). We shall here report uniquely the exact
form of Uy, and Ry, in terms of the solution W of the ODE (3.18):

Ur(y) = iU () H(y — a) + %m(y) 4 %@ug,k@) (A.5)
with
"(a : — )2 . (g e "(q N
Us 1 (y) = (T+ V)l o) ) Gl ( v >'k4<y—a>)q><y>,

+®'(y) <T + U!Q(a) (K~ a))z) } <W< \ @k%(y - a)) ~ i a))’

while

Ri(y) = ik~ H(y — a)U"(y) + k1R (y) + k181 (y)
3 "a), 1 2 U (a)|, 1
vikd [wy) o+ E 2w -a)?) (w ({5 e -0) - -0

(A.6)

The function R; j stands for

+ {‘P(y)ﬂ k() + @ (y)Fs k(y)} (W<4 |U;/2(a)| Ky — a)) —H(y - a)>,
with
Fialn) = {25 (1 ) - @) - F - 0)?) (74 P (- )?),
Faal) = (0.0 - 0(@) - 2 (k- 0)* U @kt - 0
- (W - vkt - o) (r+ E - 0)?),

Fauly) = <7 R (UL(y) — Us(a))> <T+ . (ki@_a)f).

The function Ra i corresponds to

Rk (y) = (B(y) — 1) <T + U"Z"/m)(/i-i(y—a))z)2 \/'UQ(G)W ((/(@;(‘”'ki(y—a))

2
We next set C, in Theorem 1.6 as

(00 —0)

c
Coi= o,
2 (0o —0)+Cr
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Assume by contradiction that there exists a frequency k € N, so that

1
- ¢ (o0—0) N
sup e T (t oy < = k=, AT
0<t<- 1 InG) 73 )Hc(wg )= 2 (00— 0)+Cr (A7)
StSa2o=o) VR

We consider the global-in-time solution uf(¢,y) = ik 2ty (y) provided by Proposition A.1, which by
uniqueness also satisfies the Duhamel’s relation

Wt (t, ) = To(t) (Uy) () + / Ty(t — 5)(—ke' ™ Ry (5)) (9)ds,
0

Hence, applying the W2°-norm to this identity and applying the triangular inequality, we gather that

t
IT8) (UR) e > e (0)] 0 — / ITi(t - 8)(—ke' ™ *Ry(s)) yoods
0
t

1 1
> o [T = 9kl Ra(5) ygoee™H ds
0

t
1 1 1 1
> ceook2t _ / ||Tk(t _ S)H[;e_akQ (t_s)k”Rk(S)||W2,ooe_(ao_a)(t_s)k2 dseogth ,
0

where we have estimated ||u£r(t)||wg,oc with (A.4). Hence applying (A.7) and invoking the uniform bound
on Ry, we obtain

t

(00 — G) k%CR/ef(aofcr)(tfs)k%dseook%t.

i, <
Ti(t)(U o >cetok?t _ — 0
|| k()( k)”Wg Z ce 2(0_0_0_)+CR

Multiplying both 1. and r.h.s. by e_"okl/zt/c and calculating explicitly the integral on the r.h.s., we obtain

1
ef‘fokft 1 CR |
T, (t)(U e>1——— R ([ g—(co—o)kzt )
c || k( )( k)HWg = 2(00_0)+CR ( e

1 1 1
Recasting e~ 70k?t = ¢=(0=a)k2to=ck2t o the Lh.s., we apply once more (A.7), to deduce that

1 (00 — U) e—(oo—o)k%tk% >1_ 1 Cr 11— e—(oo—a)k%t
2(0o—0)+Cr - 2(o0—0)+Cr ’
for any time t € [0, 2(00170) hj}g)]. We hence set t = 2(00170) hj}%), which in particular implies that
e~ (0= 2t _ }=1/2 o4 that
1 (00=0) , 1Ce(l—k7%)
2(0’070')4’(313_ 2(0’070’)4’CR.

By bringing the last term on the r.h.s. to the L.h.s., we finally obtain that

(00 — o) +Cr(1 — k™ 2) >1,

1 1(0’0—0’)+CR 1
2 (00 —0) +Cr -

s S
2 2(0’0—0’)+CR7

which is a contradiction. This concludes the proof of Theorem 1.6. 0
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Remark 4.1. Let us notice that if we relax the boundary conditions U.|,—g = V.,—o = 0 and allow
both the shear flow Ug and the solutions of the Prandtl equations to belong to a wider space, namely

Wll’oo (R4), we can obtain an explicit solution of Prandtl (with small but not null value in y = 0), which

ocC
Vkt

behaves as €79V~ at any time t > 0, but does not decay as y — oo. By setting indeed

(y —a)?

2 7

we remark that the forcing term Ry in (A.6) vanishes, thus u(t, z,y) := e'™VEFke[, (1)) (with Uy as in
(A.5)) is an exact solution of the Prandtl equations. However, Uy (y) ~ iU.(y) = (y—a) as y > 1, namely
the profile Uy behaves similarly as a couette flow, which does not decay as y — oo.

O(y)=1 and Uy(y) :=
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