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BOUNDARY CHARACTERISTIC POINT REGULARITY FOR
NAVIER-STOKES EQUATIONS: BLOW-UP SCALING AND
PETROVSKII-TYPE CRITERION (A FORMAL APPROACH)

V.A. GALAKTIONOV AND V. MAZ’YA

ABSTRACT. The three-dimensional (3D) Navier—-Stokes equations

(0.1) w+ (u-Viu=-Vp+Au, divu=0 in Qo,
where u = [u,v,w]T is the vector field and p is the pressure, are considered. Here,
Qo C R3 x [~1,0) is a smooth domain of a typical backward paraboloid shape, with the
vertex (0,0) being its only characteristic point: the plane {¢t = 0} is tangent to 0Qq at
the origin, and other characteristics for ¢t € [0, —1) intersect Q) transversely. Dirichlet
boundary conditions on the lateral boundary 0Qg and smooth initial data are prescribed:

(0.2) u=0 on 09Qp, and u(z,—1)=ug(z) in QyN{t=-1} (divuy=0).

Existence, uniqueness, and regularity studies of (0.I)) in non-cylindrical domains were
initiated in the 1960s in pioneering works by J.L. Lions, Sather, Ladyzhenskaya, and
Fujita—Sauer. However, the problem of a characteristic vertex regularity remained open.

In this paper, the classic problem of regularity (in Wiener’s sense) of the vertex (0, 0)
for ([@I), (@2) is considered. Petrovskii’s famous “2+/log log-criterion” of boundary
regularity for the heat equation (1934) is shown to apply. Namely, after a blow-up scaling
and a special matching with a boundary layer near 0Q)q, the regularity problem reduces
to a 3D perturbed nonlinear dynamical system for the first Fourier-type coeflicients of the
solutions expanded using solenoidal Hermite polynomials. Finally, this confirms that the
nonlinear convection term gets an exponentially decaying factor and is then negligible.
Therefore, the regularity of the vertex is entirely dependent on the linear terms and
hence remains the same for Stokes’ and purely parabolic problems.

Well-posed Burnett equations with the minus bi-Laplacian in (0.I]) are also discussed.

1. INTRODUCTION: VERTEX REGULARITY FOR THE NAVIER—STOKES EQUATIONS

1.1. Navier—Stokes equations inside a non-cylindrical backward paraboloid:
first history since 1960s. We consider 3D Navier-Stokes equations (the 3D NSEs)

(1.1) u+ (u-V)u=-Vp+Au, divu=0 in Qo
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where u = [u, v, w]T(x,t) is the vector field and p = p(x,t) is the corresponding pressure.
The NSEs (1)) are posed in a smooth non-cylindrical domain

Qo C R?® x [~1,0)

of a typical backward paraboloid shape, with the vertex (0,0) being its only characteristic
point: the plane {t = 0} is tangent to 0Qy at the origin. No characteristic points of
0Qp are assumed to exist for ¢ € [—1,0), i.e., other characteristics {¢ = 7}, for any
7 € [—1,0), intersect 0Q transversely, in a natural sense. Next, the zero Dirichlet
boundary conditions on the lateral boundary 0Qy and smooth initial data at ¢ = —1 are
prescribed:

u=0 on 0Q, and

1.2
(1:2) u(z,—1) =ug(x) in QoN{t=-1}, where divuy, =0.

The questions of solvability, uniqueness, and regularity for the Navier-Stokes equations
in non-cylindrical (and non-characteristic) domains, i.e., in our case, up to the vertex,
for t < —9y < 0, were actively studied since the 1960s. J.L. Lions began this study in
1963; see references in his classic monograph [44, Ch. 3] concerning elliptic regularization—
penalization methods; as well as Fujita—Sauer [15], [16] (1969) as one of the first such study
of weak solutions via a penalization. Another alternative, as was pointed out in [44, Ch. 3,
§ 8.1], is a “rather careful using” Galerkin methods with time dependent basis functions;
see Sather [64] (1963). In 1968, Ladyzhenskaya [39] proved local existence (global for
N = 2 and for small initial data if N = 3) and uniqueness of strong solutions for time-
dependent domains using a different method. See Neustupa [59] for more recent results,
references, and other related problems.

However, the problem of regularity of a characteristic boundary point for the NSEs in
any dimension N > 2 was not addressed elsewhere and remained open. Naturally, in
order to proceed with regularity issues concerning the paraboloid vertex (0,0), we have
to assume that a unique smooth bounded solution of (ILI]), (L2) exists in @y, i.e., with
no L=-blow-up for ¢ < 0. In particular, as is well-known (see [39, 45, [66]), global smooth
solutions always exist for sufficiently small initial data, so we can directly proceed with
the vertex regularity, at least, for this class of solutions.

1.2. Regularity of the characteristic paraboloid vertex. Thus, the classic problem
of regularity (in Wiener’s sense, see [47]) of a boundary characteristic point for the NSEs
problem (L)), (I2) is under consideration.

Definition (vertex regularity/irregularity). According to Wiener [10], the vertex
(0,0) of the given backward paraboloid Qg for the NSEs problem (L.1l), (I2) is regular
if, for any bounded data ug(x),

(1.3) u(0,07) =0,

and irregular otherwise, i.e., at least for some initial data, (L3]) fails.

1But the solution is formally allowed to blow-up at the vertex (0,07).
2



The boundary and other regularity issues for the Navier-Stokes equations in R? and R?
have been and remain key and very popular in modern mathematical literature, since
J. Leray’s seminal papers in 1933-34 [42], [43]. Among various regularity and partial
regularity results for the NSEs, the boundary regularity properties in piecewise smooth
or Lipschitz domains and those with thin channels, or other non-regular domains (as we
will show, such settings are key for our study) always played a special role. Mentioning
Kondratiev’s first study of 1967 [33], we refer to advanced results, further references, and
reviews in recent papers [7, 311, B8, [49] 50, 52, 56] and [71]. See also [37, 57] for the related
linear Stokes problem

(1.4) uw=—-Vp+Au, divu=0 in @Qp, u(0,z)=uy(z) (divuy=0).

Concerning compressible flows and other related problems, see a good survey in [38],
where 2D NSEs in a polygon domain with a convex vertex were studied.

Note that, and this is key for us in what follows, J. Leray in [42] [43] actually posed
a deep problem on both backward and forward continuation phenomena, which sound
modern and advanced nowadays for general nonlinear PDE theory:

(1.5)

see his precise statements and a discussion on these principal issues in [I8, § 2.2]. In this
connection, such “backward blow-up scaling approaches” will be key later on.

Leray’s blow-up scenario: self-similar blow-up as t — T~ (t < T)
and similarity collapse of this singularity as t — T (t > T);

According to our approach, we deal with a typical asymptotic problem of clarifying a
generic behaviour of solutions near a “blow-up singularity” (0,0) (a “micro-scale struc-
ture” of nonlinear PDEs involved). Of course, the vertex regularity problem setting
essentially and crucially depends on the a priori given shape of the prescribed backward
paraboloids, which affects our methods of matched blow-up expansions. Anyway, we hope
that our blow-up analysis on shrinking as ¢ — 0~ subsets will eventually help to better
understand the possible nature of other plausible blow-up singularities of the NSEs. As a
common feature of our blow-up analysis, we will see that a complete/closed set of vector
solenoidal Hermite polynomialsﬁ in R? can play an important part.

Our main goal here is as follows: using techniques of blow-up scaling and matched

asymptotic expansions from reaction-diffusion theory, to show that a Petrovskii’s-like cri-
terion of boundary reqularity for the heat equation (1934) does occur for the NSEs (L).

1.3. Petrovskii’s criterion of 1934 for the heat equation: a first discussion. For
the heat equation,

(1.6) up=Au in Qo,

the regularity problem of the characteristic vertex (0,0) was optimally solved for dimen-
sions N = 1 and 2 by lvan Georgievich Petrovskii in 1934-35 [60), 61]@, who introduced

2These are the same vector polynomials that occur in the study of multiple zero formation for the
Stokes equations and NSEs, [18] § 3].
3Compare with the dates of Leray’s pioneering study, “1933-34”; almost a perfect coincidence!
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his famous Petrovskii’s reqularity criterion; see [17] and [20] for a full history and further
developments in general parabolic theory. This is the so-called “2y/loglog—criterion” (see
[2.8) and (2.9]) below), which we are going to achieve, at least formally, for the 3D NSEs.

The following issues naturally occur:

(i) On one hand, Petrovskii’s-like criterion can be expected, since (L)), similar to (I.6]),
is indeed a (vector) parabolic second-order equation;

(ii) On the other hand, (LIl is a nonlocal parabolic PDE for solenoidal vector fields,
and it is not straightforward from the beginning that this cannot affect the regularity
standing; and

(iii) Finally and most essentially, (ILT]) contains both linear (the second-order Laplacian)
and nonlinear (convective) operators, so that the regularity of the vertex (0,0) inevitably
will depend on both, which makes the analysis more difficult.

Note that both the issues (i) and (ii) apply to the linear Stokes problem without the
quadratic convection ([L4]), for which our regularity results turn out to be new as well.

1.4. Layout of the paper. In Section 2 we perform first a blow-up scaling near the
characteristic vertex (0,0). In Sections 3 and ] the main goal is to show how the convec-
tion term in the NSEs (IL1]) can affect the regularity conditions by deriving sharp formal
asymptotics of solutions near the characteristic point. A necessary and already well-
existing spectral theory involving a complete set of vector solenoidal Hermite polynomials
as eigenfunctions of the linear Hermite operator is described in Appendix A.

For the sake of our regularity study, we apply a method of a matched asymptotic
(blow-up) expansion, where a Boundary Layer behaviour close to the lateral boundary
0Qo (Section [B]) is matched, as t — 0~, with a “centre subspace behaviour” in an Inner
Region, developed in Section 4l This leads to a perturbed 3D nonlinear dynamical system
for the first Fourier-like coefficients in the eigenfunction expansions of the vector field
u(zx,t) via standard solenoidal Hermite polynomials. This approach falls into the scope
of typical ideas of asymptotic PDE theory, which got a full mathematical justification for
many problems of interest. We refer to a most general asymptotic analysis performed in
[34], and also to a number of complicated blow-up asymptotics in reaction-diffusion theory
[23]. According to the classification in [34], our matched blow-up approach corresponds to
perturbed three-dimensional dynamical systems, i.e., to a rather not-that-advanced case
being however a constructive one that has given a number of new asymptotic/regularity
results. We propose a final, more general discussion of various (boundary and interior)
blow-up singularities for the NSEs in Section [5l

In addition, for more clear expressing our regularity techniques and their applicability
in general PDE theory, we develop in Appendix B (the C one contains the corresponding
Hermite spectral analysis) at the paper end, as a natural extension, a similar regularity
analysis of the well-posed Burnett equations in ()g with zero Dirichlet conditions

{ut+(u-V)u:—Vp—A2u, divu=0 in @y,

u=Vu-n=0 on 0Qy, u(zr,—1)=muy(z),
4
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where n denotes the unit inward normal vector to QoN{t}. Here we have the bi-harmonic
diffusion operator —AZ2u on the right-hand side of the u-equation. It turns out that our
general scheme of the boundary regularity analysis can be applied; however, with harder
asymptotics and more formal nature of the final difficult estimates.

Concerning other problems and techniques of modern regularity theory, we refer to
monographs [27, 36], 37, [51] [54] and [35], [46]-[53] as an update guide to elliptic regularity
theory including higher-order equations, as well as to references/results in [28] B8] 41 40,
12, [69] and [17, 20] for linear and semilinear parabolic PDEs.

2. FIRST BLOW-UP SCALING: STURM’S BACKWARD SCALING VARIABLE, PARABOLOID
GEOMETRY, AND THE CAUCHY PROBLEM

2.1. First blow-up scaling: exponentially small perturbations of a rescaled par-
abolic flow. We perform blow-up scaling in (ILT]) for the regularity analysis

(2.1) u(z,t) =v(y,7), y= 5 T= —In(—t) : (-1,0) = Ry,

where y is, indeed, Sturm’s backward rescaled variable introduced him in 1836 [65] in the
study of zero sets of solutions of linear parabolic equations such as (LLG) for N = 1.
Thus, scaling (2.1)) yields the following exponentially perturbed rescaled equationH:
(2.2) vi+e 2 (v-V)v=—e2Vp+B'v, divv=0 in Qo,
. where v =[v}, 0% %7 and B*=A-1y-V

is Hermite’s classic symmetric (self-adjoint) operator, [4, p. 48].

2.2. Backward paraboloid geometry and a slow growing factor ¢(7). According
to Petrovskii [60} [61], the backward paraboloid 0@Q)y will be defined as follows: it is a
perturbation of the standard fundamental backward one,

(2.3) S(t)=0Qo N {t}:  qolw) = /X0, aw? = ()2 o(7),

where a; € (0, 1] are normalized constants. We can treat more general convez paraboloids,
but, for simplicity, will restrict to the basic ones as in (Z3]), which are also of a challenge.
For difficult estimates to follow, we will use radially symmetric paraboloids with a; = 1:

(2.4) S(t)=0QuN{t}: qlz) = x| = (=1)% (7).
In (23) and (2.4]), ¢(7) > 0 is a slow growing function satisfying

(2.5) p(1) = 400, ¢(7)>0, (1) >0, and £8 50 as T +oo.

Moreover, as a sharper characterization of the above class of slow growing functions, we
use the following criterion:

(2.6) (;0,((?))/ — 00 as T — +00.

4Here, ([2.2) is not the rescaled one (5.3)) written in Leray’s variable (5.2), a difference to be discussed.
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This is a typical condition in blow-up analysis distinguishing classes of exponential (the
limit is 0), power-like (a constant # 0), and slow-growing functions. See [63, pp. 390-400],
where in Lemma 1 on p. 400, extra properties of slow-growing functions (2.6) are proved.
For instance, one can derive the following comparison of such ¢(7) with any power:

(2.7) forany a >0, (7)< 7 and ¢'(7) <! for 7> 1.

Such estimates are useful in evaluating perturbation terms in the rescaled equations.

In Petrovskii’s criterion for the heat equation (LG), for any N > 1, the “almost optimal”
function, satisfying (2.5), (2.6) and delivering a regular vertex (0, 0), is

(2.8) ou(T) =2VInT as 7T — +o0.

Replacing this fundamental constant “2” by 2+ ¢, for an arbitrarily small constant € > 0,
makes (0,0) irregular for the heat equation (LL6). In the general case of arbitrary ¢(7),
Petrovskii’s criterion, for our N = 3, for the radially symmetric paraboloid (2.4]) read

(2.9) [ (1) e "D/ dr = co.

These dependencies will be compared with those obtained for the NSEs (LT).

Thus, the monotone positive function ¢(7) in (2.3)) is assumed to determine a sharp
behaviour of the boundary of Qo near the vertex (0,07) to guarantee its regularity. It
follows that the rescaled equation (2.2)) is set in an expanding rescaled domain

(210)  S(1)=0QoN{r}: qy) =/ ay?=p(r) = +oo as T — +oo.

By n we denote the inward unit normal to S(7). In the limit 7 = +oo, we arrive at the
equation (2.2)) in the whole space R3, which requires some spectral theory (Appendix A).

2.3. Towards the Cauchy problem. In Inner Region (see Section Bl for details), de-
scribed by compact subsets in the variable y in (2.1]), we deal with the original rescaled
problem (2.2)) in the unboundently expanding domains (2.10). As usual and customary
in potential and general PDE theory (see e.g., Vladimirov [68]), it is convenient to con-
sider the NSEs in whole space R? x [—1,0). Note that, in the study of the NSEs in
non-cylindrical domains, Fujita—Sauer [I5, [16] also extended the problem to R* by intro-
ducing a strong absorption term —nu in the complementary domain on the right-hand
side in (1) and passing to the limit n — +oo. Then, in view of the control of the
total kinetic L?-energy, this “regularized” solution u = u™ — 0 as n — +oo outside the
given non-cylindrical domain, and hence, in the limit, the zero Dirichlet conditions on the
boundary are restored.
Thus, we extend v(y,7) by 0 beyond the boundary, i.e., set

(2.11) V(y,7) =v(y, T)H(p(T) — qo(y)) = {V(y’g) ff(?; (zzoé(ygog)wifm’

For Qy C RN x [—1,0), the multiplier ©® in this integral criterion is replaced by ¢ .
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where H(-) is the Heaviside function. Then, since v = 0 on the lateral boundary S(r) =
{qo(y) = ¢(7)}, one can check that, in the sense of distributions (see e.g., [68, § 6.5]),

(2.12) =v.H, VV=VvH, Av=AvH+% = 0507
where a single-layer potential with the density p = 3= acts as follows: for any ¢ € C¢°,
(2.13) (105, &) = fS(T) ugbds.

In order to avoid a pressure trace on S (1), we perform a continuous extension of p(y, 7)
by solving the Laplace equation in the outer domain:

(2.14) Ap=0 in R*\(Qo(r)N{r}), p=p on S(r).

This outer Dirichlet problem is known to admit a unique solution p(y,7) vanishing at
infinity, [68, § 28], so that we are given the continuous pressure p(y,7) defined in the
whole R? x R_. It then follows that

Vp=Vp in Qo(r)N{r} (since the jump is zero: b5y =0), and
Vp is div-free in R? as a distribution : (Vp,¢) =0, V¢ € C°, divep = 0.
Thus, {v,p} satisfies the following Cauchy problem in R® x R,
(2.16) Vit+e 2(v-V)V=—2Vp+BvV-— 55(7) divv = 0.

(2.15)

Hence, we obtain a single perturbation term on the rlght—hand side expressed in terms of
a simple layer potential with the prescribed density on the surface (2.I0]), changing with
the time 7. Clearly, various linear and nonlinear “interactions” of all these and other
operators in (2.16]) will define regularity of the vertex.

2.4. The Cauchy problem in Leray’s nonlocal setting. Using Leray’s nonlocal for-
mulation of NSEs [45] p. 32|, we next apply to the Cauchy problem (2.16) the operator

P=1-VAYV-I) (|P||=1)

being the Leray—Hopf projector of (L?(R3))? onto the subspace {w € (L?)?: divw = 0}
of solenoidal vector fields. Let us note another representation of the projector P therein:

Pw = [v; — Ri0,vy — Ryo,v3 — R3o]’, where o = Ryw; + Rywy + Raws,

and R; are the Riesz transforms, with symbols Using the fundamental solution of A

\5\
in RV, N > 3, and denoting by oy the surface area of the unit ball B; C RV,
/2
(217) bN(y) = —m W’ where ON = % (0'3 = 477'),

the projection of the convective term reads:

—P(v-V)v=—(v-V)v+Cs f s tr(Vv(z, 7)) dz,
(2.18)
where  tr(Vv(z,7))% =37, ;) v vl and Cy=72>0 (Cs=£).

This is a more convenient form for some estimates.
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Using the projection P eliminates the pressure term Vp in (2Z10), and we obtain the
Cauchy problem for the following perturbed nonlocal parabolic equation for v:

(2.19) V=BV —e P V)V -, in RPxR,.

Since, by construction, the last term is solenoidal, we have omitted the projection P
therein. We recall again that local existence and uniqueness of a classic solution v(y, 7)
of (ZI9) are guaranteed by known local regularity properties of the NSEs. Moreover, for
any sufficiently small data vy, solutions of (2.19) are well defined for all 7 € R, i.e., up
to the boundary blow-up moment ¢ = 0~ (7 = +o00). For other solutions, in general, we
assume that v(y, 7) are well defined and do not blow-up at a finite 7 > 0, so we need to
study their behaviour as 7 — +o0.

It then follows that Wiener’s regularity of the vertex (0, 0) is equivalent to the following:

0 is globally asymptotically stable for (2.19), i.e.,

2.20 R . .
(2.20) any such solution of (Z.19) satisfies v(y,7) — 0 as 7 — +o00 uniformly in y.

2.5. A full pressure representation in R® x R,. As usual [45, p. 30], once the vector
field v has been obtained from (2I9), the pressure is then given by the corresponding
Poisson equation. Since it is slightly more technical to get it from the rescaled equation
(219) containing extra operators, we consider first the original (non-rescaled) problem for
u = uH (-), where the Heaviside function H is concentrated on Qo (t) N{t}, and construct
a harmonic extension p as in ([2.14]) for S(¢). This equation, which will be also in use, is

(2.21) U+ (- V)a=—Vp+Aa— 24,

where we keep the same notation and arguments as in ([2.19). Then, taking div [45] p. 30],
we obtain the following equation with two extra densities of special potentials:

(222) —A,p =tr (fol)z + div, (;Tt (53(,5)) - [pr]g(t) 5S(t)-

Observe that the jump of the pressure gradient [V,p|s«) enters the second density, that
makes this elliptic problem more nonlocal and hence more difficult.

After scaling in (2.)), i.e., setting x = y/—t when approaching the vertex (0,0), we
have from (2.22)), taking into account that dgu) = (—t) dg(,),

(2.23) —Ayp = tr (V,9) + 77 divy (£ 5g(,)) — €7 % [Vyplg 05,y in R

Therefore, this nonlocal problem for p is reduced to a Fredholm linear integral equation
(with a positive kernel) of the second kind,

(224) ﬁ = (_Ay)_l [tr (Vy‘?)2 +e™" divy (86_12; 55’(7)) - 6_377 [Vyp]ﬁ(—r) 5§(7’):|a

where (—A,) ! is defined by the convolution with the fundamental solution ([2.17), N = 3.
It follows that the behaviour of p as 7 — 400 is dependent on the trace of its gradient
on the expanded boundary S (7). Fortunately, as 7 — 400, the jump of the gradient
Vypl §(ry On the right-hand side of (Z24) has an exponentially small influence on p, so

that (2.24)/([2:23) are “almost” standard integral/elliptic equations with good positive
8



kernels/Laplacian. However, we will need to justify that, nevertheless, the corresponding
densities of these single and “double-layer-type” potentials do not get exponentially large,
thus undermining their exponentially small factors in front of them. This can be done a
posteriori, when the independent rescaled v-problem (2.19]) has been solved.

On the other hand, introducing in (2.23)) the following integral operator@:

. T
(2.25) M(m)p = —Ayp+e 2 [Vyp]S(r)éﬁ(r)v
the pressure is given by

(2.26) p=M"(r)(tr (V,¥)? 4 e " div, (53—11; 6§(T))).

Indeed, this is the equivalent pressure representation, since M~!(7) is well defined by
the local well-posedness of the NSEs in bounded domains with smooth non-characteristic
boundaries.

3. BOUNDARY LAYER EXPANSION CLOSE TO 0@

3.1. Two region expansion. As we have mentioned, by the divergence of ¢(7) in (2.3,
sharp asymptotics of solutions close to the vertex (0,0) will essentially depend on the
spectral properties of the linear operator B* in the whole space R? (see Appendix A), as
well as on the nonlinear projected convective term. This “interaction” between linear and
nonlinear operators in the NSEs, together with the paraboloid shape, are key for us.

Studying asymptotics of solutions of the rescaled problem (2.2)), as rather often occurs
in difficult blow-up expansions in nonlinear PDE theory, this singularity problem is solved
by matching of expansions of solutions in two regions:

(i) In an Inner Region, which is situated around the origin y = 0, and
(i) In a Boundary Region close to the boundary (2ZI0)), where a Boundary Layer occurs.

In other words, we show that generic behaviour of solutions of the NSEs in shrinking
neighbourhoods of the paraboloid vertex (0,0) is not of any self-similar form, and hence
gets more complicated and demands novel non-group-similarity techniques to detect.

Actually, such a two-region structure (i)—(ii) above, with the asymptotics specified
below, defines the class of generic solutions under consideration. We begin with a simpler
analysis in the Boundary Region (ii).

3.2. Boundary layer (BL) variables and perturbed equation. Sufficiently close to
the lateral boundary of @), it is natural to introduce the next rescaled variables

(3.1) 2=t and V(y,7)=w(z,7).
This makes the corresponding rescaled paraboloid (ZI0) fixed:
(3.2) S SO ai=1.

SFor 7 >> 1, this is just an asymptotically small perturbation of the Laplacian; though proving that p
on S(7) does not grow exponentially fast is a part of the problem.
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The rescaled vector field w now solves a perturbed equation:
(3.3) szﬁAzw 1z Vzw+“oz VW——e SP(w- V.)w — o 2 4.

Let us introduce the BL-variables: fixing a point zy € S on the boundary [3.2)), we set

34) =@ ()2 —2) =elpn —y), ¢*(T)dr=ds, w(z7)=p(s)8(S, ),

where p(s) = [p'(s),p%(s), p*(s)]T € R3 for s > 1 is an unknown scaling slow vary-
ing/decaying (in the same natural sense, associated with (2.6])) time-factor depending on
the function ¢(7). Cf. e.g., ~ ﬁ as a clue. As usual, this p-scaling is chosen to get
uniformly bounded rescaled solutions, so, we naturally assume that, for each component,

(3.5) supg ¢/(§,5) =1 forall s>1, j=1,23.

On substitution into the PDE in (8.3]), we obtain the following perturbation of a linear
uniformly parabolic equation:

g =Ag—35 ¢ Vgg——( 0= 7) - Ve
—g e 3 P(g-Ve)g — F 8—11& O5e(r), Where Ag = Agg + 320 - Veg,
and S¢(7) is the boundary (B.2]) expressed in terms of the BL-variable £ in (B.4), so that

(3.6)

_ 1
5‘95(7') — p3(7) 55

As usual in boundary layer theory, the BL-scaling (3.4)) means that we are looking for
a generic pattern of the behaviour described by the perturbed equation (B.6]) on compact
subsets, shrinking (focusing) to a fixed z; on the lateral boundary,

(3.7) |§|—0( )—>0 — |z—2z]=0 (4(T))—>0 as T — 400.

Thus, in (3.0), we arrive at a linear uniformly parabolic equation perturbed by a number
of linear and nonlinear terms, which, under given and other special hypothesis to be
specified, are asymptotically small. Indeed, on the space-time compact subsets (3.7, the
second term on the right-hand side of (B.6]) becomes asymptotically small, while all the
other linear ones even smaller in view of the slow growth/decay assumptions such as
@8) for ¢(r) and p(s). In particular, the rescaled nonlinear convective term in (3.6
is asymptotically small on bounded rescaled vector fields g in view of an exponentially
decaying factor and by the hypotheses (2.5]).

However, the last term in (B.0]), given by a density of a simple layer potential, requires a
special treatment. Indeed, this density depends upon a still unknown gradient of w = pg
on the boundary, which is under scrutiny in the present BL-analysis. However, the nature
of our BL-scaling assumes that we deal with uniformly bounded rescaled function g, on
which the last term is asymptotically small and is of order ~ ﬁ — 0 as 7 — +o0.

The BL-representation (B.4]), by using the rescaling and (3.0), naturally leads to the
following asymptotic behaviour at infinity:

(3.8) limg 400 g/ (€,5) =1 as & — oo,
10



where all the derivatives also vanish by the standard interior parabolic regularity. Actu-
ally, the nature of the BL-scaling (3.4]) near the point zy, € S implies that, asymptotically,
the limit problem becomes one-dimensional, depending on the space variable

(39) n= 6 - n,

where n is the unit inward normal to the smooth boundary S in ([B:2). Therefore, the
limit £ — oo in (B.8)) should be also understood in the sense of the single variable (3.9).
This essentially simplifies the BL-structure to appear.

Moreover, since according to the BL-scaling (8.7), as s — +oo, the rescaled solution
becomes constant (see (3.8])) a.e. and hence solenoidal, we do not need to require the limit
BL-profile to be solenoidal as well. Moreover, we will see that, in the actual boundary
layer, the BL-asymptotic is “almost” solenoidal, up to an exponentially small perturba-
tion.

3.3. Passing to the limit: generic solutions. Thus, we arrive at the problem of
passing to the limit as s — 400 in the problem (3.6]), (3.8). Since, by the definition in
(B4)), the rescaled orbit {g(s), s > 0} is uniformly bounded, by classic parabolic interior
theory [9, [10, [11], one can pass to the limit in ([B.0) along a subsequence {sz} — +o0.
Namely, we have that, uniformly on compact subsets defined in (3.7)), as & — oo,

(3.10) g(sy +5s) = h(s), where hy=Ah, h=0at n=0, |10 =1
Consider this one-dimensional limit (at s = +00) equation obtained from (B.6)):
(3.11) hy=Ah=h,,+1ih, in R,y xRy, h(0,s)=0, h/(+o0,s)=1.

It is a linear parabolic PDE in the unbounded domain R, governed by the operator A
admitting a standard symmetric representation in a weighted space. Namely, we have:

Proposition 3.1. (i) BI1) is a gradient system in a weighted (L?*)3-space, and
(ii) for bounded orbits, the w-limit set Qg of (BII) consists of a unique stationary profile

(3.12) BE=1—e? j=123,
and Qg is uniformly stable in the Lyapunov sense in a weighted (L?)3-space.

Proof. (i) As a second-order equation, ([3.1I) can be written in the symmetric form

(3.13) ¢"?h, = (¢"h,),,
and hence admits multiplication by h, in (L?)? that yields a monotone Lyapunov function:
(3:.14) L e (h)? = — [ ()2 <.

Note that, regardless that the weight €?/? is exponentially growing as n — 400, on the
limit profile (B:12), all the functionals in (3.I4]) are well defined. In other words, the
problem (B.0]) is a perturbed gradient system, that makes much easier to pass to the limit

s — 400 by using power tools of gradient system theory; see e.g., Hale [29].
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(ii) For a given bounded orbit {h(s)}, denote hi(s) = gJ + w’(s), so that w(s) solves
the same equation (3.13)). Multiplying by w(s) in (L?)? yields

(3.15) s e (wi)dy = — [e2(w!)*dn < 0
for any nontrivial solution, whence the uniform stability (contractivity) property. O

Finally, we state the main stabilization result in the boundary layer, which also estab-
lishes the actual class of generic solutions we are dealing with.

Proposition 3.2. Under specified above assumptions and hypotheses, there exists a class
of solutions of the perturbed equation ([3.8), for which, in a weighted (L*)3-space and
uniformly on compact subsets,

(3.16) @ s) = @) as s—4oo (j=1,2,3).

Proof. (i) Under given hypotheses, the uniform stability result in (ii) of Proposition B
implies [23, Ch. 1] that the w-limit set of the asymptotically perturbed equation (B.6) is
contained in that for the limit one (BI1]), which, under the given hypotheses, consists of
the unique profile ([B.12]). O

3.4. BL-behaviour is “almost” divergence free. For the future convenience, we state
again the asymptotic BL-behaviour: in the rescaled sense, by (3.16), (312)), and (ZJ)),

(3.17) v(y,7) = co(7) 8oy, 7) + ..., where gg(y, T)=1-— e_%ﬂdi“{y’a@o(ﬂ}.

It is important that, by (817, the first term is “a.e.” an exponentially small perturbation
of a divergence-free flow. Indeed, differentiating (8.17]) at any point staying away from
the boundary by an arbitrarily small fixed dist{-} = 0y > 0, we have

LP(;’) (50)

(3.18) div, v(y, 7) = O(co(7)p(T)e” —0 as 7 — +oo,

provided that co(7) is not exponentially large (this does not happen, as we will show).
In other words, not that surprisingly, the BL-expansion well keeps solenoidal features of
originally divergence-free solutions v and, as customary, just makes an asymptotically
(i.e., exponentially as in (8I8])) small perturbation of the div. Thus, a somehow essential
violation of the solenoidal property can happen only in an asymptotically small O(ﬁ)—

neighbourhood of the boundary, which is negligible and plays no role for 7 > 1.

4. INNER REGION EXPANSION: TOWARDS ODES REGULARITY CRITERION

4.1. A standard semigroup approach leads to a more complicated problem. Let
us first perform necessary manipulations using a standard semigroup approach. Applying

to (2.2I) the projector P yields

(4.1) o, = At — 2 g) —P(a- V)i
12



Therefore, using the fundamental solution b(z,t) of the heat operator D; — A with the
rescaled kernel (the Gaussian) as in ([A.5) gives the following convolution representation
of the solution of (4.1):

(4.2)  a(t) =0b(t) xug — Oftb(t — 5) % 28(s) 555 ds — Oftb(t —s) =P (u(s) - V)u(s)ds.

In particular, taking div, we see that the second term on the right-hand side, containing
a surface integral, is div-free, since u is. Finally, sharply estimating the normal derivative
therein and in the third term from the core of BL-theory, the asymptotics ([B.17), one can
study the asymptotic behaviour of solutions, after using the necessary scaling (21I).

However, it turns out that this standard integral semigroup approach leads to a more
complicated analysis, than a differential one we will perform by using known spectral
properties of the rescaled operator B* involved in (2.19]). Nevertheless, it is worth men-
tioning that such an approach can be translated to the integral equation (4.2]), with the
clear advantage of a more reliable rigorous justification by using obviously smoother prop-
erties of solutions and, as a result, their better uniform estimates in stronger metrics. It
should be noted that some principle difficulties cannot be avoided in such a way, and,
overall, technical technical questions become more dominant for (Z.2]).

4.2. Eigenfunction expansion: derivation of a 3D dynamical system. Thus, in
the Inner Region, we deal with the original rescaled Cauchy problem (ZI9). Since, by
construction, the extended solution orbit (Z.II) is uniformly bounded in (L2.(R?))?, we
can use the converging in the mean (and uniformly on compact subsets in y) eigenfunction
expansion via the solenoidal Hermite polynomials as in (A.I7):

(4.3) V(Y T) = 25 ca(T)V5 (),

where we use the convention ([A.1S). Substituting (43 into (2.I0) and using the or-
thonormality of these polynomials yield the following dynamical system for the expansion
coefficients: for all || > 0,

(4.4) &5 = Nscs — (2L 3g(yva) — e 7 (B(V - V,)VH, vg),

where \g = —@ are the real eigenvalues as in (A.2]).

Recalling that eigenvalues in ([@4) satisfy Ag < —1% for all |5| > 1, it follows that we
need to concentrate on the “maximal” first Fourier generic pattern associated with the
first constant Hermite polynomial v§ in (A.14),

(4.5) E=|8l=0: XN=0 and vi(y)=e=][1,1,1]".
The normalized eigenfunction of the L?-adjoint operator B is then
(4.6) vo(y) = F(y)e,

where F(y) is the Gaussian in (A.6). Actually, as follows from (3.I0]), this corresponds to
a naturally understood “centre subspace behaviour” for the operator B* in (2.10):

(4.7) v(y,7) = co(t)e + w(y,7), where w* € Span{vj, |B] > 1},
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and w(y, 7) is then negligible relative to co(7) for 7> 1.

Fortunately, we actually do not need such a literal using of those “centre subspace
issues” for a difficult non-autonomous equation like (2.19]), since the asymptotics of so-
lutions (A7) is directly dictated by Proposition In its turn, this is an equivalent
characterization of our class of generic patterns, and, in particular, the following holds:

Proposition 4.1. Under the given above assumptions and hypotheses, for the presgm'bed
class of generic solutions defined in Proposition[32, (1) holds with w* (1) = o(|c}(T)])
as T — 400, and then the matching with the boundary layer behaviour in ([B.4) requires
(4.8) G0 51 as T 400 = pi(s) =ah(r)(1+o(1), j=1,2.3

Proof. This follows from the construction of the boundary layer by comparing the solution

representations in (3.4)), (316), and (7). O

Thus, the equation for co(7), with Ay = 0, takes the form:

(4.9) ¢o = —(F¥ 6g(r)» Vo) — e 2 (P(V - V) )VH, vy),

where the first adjoint eigenfunction vy is as in (£.0).

We now need to return to BL-theory in Section [ establishing the boundary behaviour
B4) for 7 > 1, which has the form (BI7). Then the convergence (B.I7), which by a
standard parabolic regularity is also true for the spatial derivatives, yields, in the natural
rescaled sense,

(4.10) &~ cO(T)go(T)%(‘y) + ..., where y-n(y) <0 (by convexity).
Therefore, the first (linear) term in (£9) asymptotically reads
(4.11) —(5e b vo) = siigie [ TR e ds 1

5(7)

Due to the normalization in (2.3)), we have that a; < 1, so that the last term can be
estimates above as: for any component j = 1,2, 3,

(4.12) sty [ el ds < —qp¥(r) e L 41 = const. > 0.

5(7)

Recall that the extra factor ? is obtained via integration over a closed surface in R3.
For the simple radial paraboloid shape in (2.10) and (3.2]), with a; = 1, i.e., by (2.4)),

(4.13) S(r)=0Qn{r}: @) =lyl=¢(r), and S: [|z]=1,
(A12]) presents a sharp asymptotics behaviour rather than an estimate: for j = 1,2, 3,
(4.14) 2??1:)(;/)2 i S'Eﬁs) e8P/ s = —com13(7) e M/ 4

S(r)

Naturally, it is possible to derive most sharp asymptotics for this radial case.
14



Finally, we need to estimate the last nonlinear quadratic term in (4.9)): by (B.17),
(4.15) e 2 (P(V-V,)VH,vo) =e "2 (cg - e)cy W [ Pl(go- V,)goH]e W4 dy + ...,
R3

where the quadratic term (cg - €)cy denotes the vector (¢} + ¢ + ¢3)co € R3. Fortunately,
since this nonlinear term enjoys having a fast decaying exponential factor e”2, we do
not need its better sharp estimates. We just need to show that, on the generic solutions
obeying the BL-behaviour (3.I7), this term always remains exponentially small, so does
not play any role for the regularity conclusions.

We restrict to the radial case, though the asymptotic smallness of the convection can
be similarly shown for more general convex paraboloids. Thus, using the representation
of P(v - V)v given in (ZI8) and using the change as in (B1), i.e., setting y = p(7)z, we
have from (BI7), for 7 > 1,

2 2
ez (V- V)v=e"2(cy-e)cop[(l— e—%dz)e—% (n - e)

(4.16) 2
—C3¢* [ |ZZ__<C‘3 e P kY mee)(n-e)dC] + . = i+ s,

where d, (and d; in the integral) denotes the distance: d, = dist {z, S}. For such a rough
estimate from above, one can omit the projector IP, using the fact that ||P|| = 1.
It is not difficult to see that, the Ji-term in (LI6) is leading to the following integral:

2 2 2
(4.17) Ji~e 3 (cp-e)ept [ e T (1—e T d)e T % (n e)dz,
{l=I<1}

where, in the radial geometry, we may put d, = 1 — |z|. Reducing the integral in (L.I7)
to a standard 1D one, it can be estimated above as follows: for some constant v, > 0,

2 T
(4.18) IT1(7)] < 727 F |(co - @)co| @ (r) e as T — +o0.
Consider the last term J5 in (£.16). The corresponding upper estimate is: for v34 > 0,
2
B < e E l(eo-e)eol ] [ e FFP [ G e s, ()dCd
(4.19) {Iz1<1}
©2(1)

< y4e72 |(co - €)co| p¥(T) e 4

We do not guarantee that the ¢® multiplier in the final estimate in (ZI9) is any sharp
(as well as p? in ([£IF)), but it is sufficient for showing the convection neglect near the
vertex. Indeed, any such very rough estimates (or omitting the projector P as we did
above) cannot undermine the principal fact: extra multipliers containing any power of
©(7), being a slow growing function, do not practically affect the exponentially decaying

factor e™/2? as 7 — +oc in ([EI5) and ([@I6). Comparing with (ZI7), (EI]) yields that
(L19) supplies us with the leading term as 7 — +o0.

Thus, bearing in mind all above assumptions and estimates for generic patterns, we

obtain the following asymptotically approximate dynamical system for the first expansion
15



coefficients co(7): for 7> 1,

(4.20) Co ~ =71 Cop? (1) e /A L~ 673 (¢ - €)c () e (/A

where we now omit all higher-order terms appeared via the above hypotheses. The sign
“~" in (4.20) means that, in the presentation of the influence of the nonlinear convec-
tion term, we used the estimate (4I9), rather than a sharp asymptotics. However, this
estimate suffices to declare that the convection term is negligible in the regularity analysis.

4.3. 3D regularity criterion. Thus, according to (2.20)), the following conclusion holds:

Theorem 4.1. Under the assumed above hypotheses and conditions, the vertez (0,0) is
reqular for the NSEs problem (1), (L2) in the class of generic solutions, iff

(4.21) |the origin is globally asymptotically stable for the 3D dynamical system ([{.20),

i.e., any its solution satisfies:
(4.22) co(t) >0 as T — 4o0.

4.4. Two regularity conclusions. We begin with a simpler linear one.

1. LINEAR STOKES PROBLEM. As a first consequence, we confirm that Petrovskii’s cri-
terion (2.9) remains valid in the linear case. Recall that here, our analysis do not include
more difficult “nonlinear” estimates used in (A.I5]).

Theorem 4.2. For the linear Stokes problem (L4l), under our hypotheses on generic
solutions, the regularity criterion of the vertex (0,0) is Petrovskii’s one (2.9]).

Proof. Introducing the new time,

(4.23) Pre e OMdr=ds = s=[¢*(()e ",
0
from (A20)) (with no quadratic term), we obtain a linear diagonal autonomous system
(4.24) % cg=-m¢ = co(s)=co(0)e " =0
if and only if s — +00 as 7 — 400, and the divergence in (2.9) follows. O

2. NAVIER—STOKES EQUATIONS. Performing the change (.23]) for the full dynamical
system (4.20)) yields

(4.25) % Co= —71Co+ 1€ 2 (co - €)cy p*(T).
An elementary balancing of the linear and nonlinear term on the right-hand side shows

that the nonlinear one can be efficiently involved into the reqular asymptotics if it has at
least an exponential growth

(4.26) lco(T)| > €2 > 1 for 7> 1,

since, by assumptions, ¢(7) is a slow growing function. Of course, (4.20) is impossible,

since by the regularity assumption co(7) — 0.
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Note that, if v(7) gets vanishing as 7 — +o00, then the same is true for the pressure
via (2.26) (then (2.28)) is a perturbation of the Laplacian), i.e., the pressure influence in
the full equation (with no convection) is truly exponentially negligible.

Thus, this is our final conclusion for the NSEs: under given hypothesis and for generic
solutionsﬁ, the nonlinear convection term cannot affect the regqularity of the vertez (0,0),
so that Petrovskii’s criterion (2.9) remains true for the Navier—Stokes equations ([L.TI).

5. FINAL DISCUSSION: TWO KEY BLOW-UP PROBLEMS FOR THE 3D NSEs

It is now worth and natural to look how the characteristic boundary regularity analysis
stands and fits in the wide area around the Millennium Prize Problem for the Clay Insti-
tute (the MPPCI) on global existence or nonexistence of bounded smooth solutions for the
NSEs (L)); see Fefferman [14]. Both deal with settings presented in a similar fashion:

(BR) Boundary point Regularity: sharp “blow-up” asymptotic expansions of pos-
sible solutions of ([LI]) near a characteristic boundary point of (Qp. Then, mathematically
speaking, after blow-up scaling (2.1]), we arrive at an exponentially small perturbation of a
solenoidal heat equation in (2.2]), which is convenient to write down in its full presentation

(5.1) VT:AV—%y'VV—]P)(V'V)V in Q.

We observe here a crucial moment: in the vertex regularity study, the key nonlinear
convection term gets an extra fast exponentially decaying factor e~z (boxed in (5.1])),
that, indeed, essentially simplifies the matched asymptotic analysis. As we have seen,
our goal was then simply to show that this nonlinear exponentially small perturbation
does not affect the regularity of the vertex (0,0) at all, so it becomes pure parabolic
(Petrovskii’s) one, i.e., governed as 7 — +o0 by the rescaled solenoidal heat equation

VT:AV—%y-VV in Q,.

(IR) Interior point Regularity (the MPPCI): asymptotic expansion of possible
solutions in any interior point to check whether finite time blow-up in L> is possible or
not. Then, a full Leray’s self-similar blow-up scaling must be performedﬁ [43]:

(5.2) u(z,t) = Z=v(Yy,7), y= = T=-I(T-1),

"For the full Navier-Stokes models, in view of an essential difficulties to justify nonlinear convection
estimates for calculating ([@IH]), we rather hesitate to state this even as a formal asymptotics; further
mathematical research is necessary and is desirable.

8This Leray’s blow-up self-similarity led him to a conjecture on existence of a blow-up similarity
solution as t — T—, and on existence of a self-similar extension for t > T (with (T'—t) — (t = T) in
(E2)); see some extra details and a discussion in [I8] § 2].
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where T" > 0 is the assumed finite blow-up time of the vector field u(x,t) (used to be
always T' = 0 beforehand). This leads to a different autonomous rescaled equation:

(5.3) Vi=Av—3y-Vv—3iv— P(v-V)v in R®xR,,

where, unlike (5.1I), the box is empty: no exponentially decaying factor therein!

This is the main principal difference between both key regularity problems: in the
rescaled equation (5.3]), the convection term is not accompanied by an exponentially
small time-factor as in (5.1). Therefore, it can play a vital role in creating a possible
L*>-blow-up singularity. It turned out that a self-similar blow-up of Leray’s type (5.2),
with a nontrivial profile v = v(y) solving the stationary equation (5.3)), does not exist:

(54) Av—3y-Vv—3iv-Pv -V)v=0 in R vel’R%) = v=0;

see [58] 67, 55, B0]. Therefore, it seems that a leading idea how to create a blow-up
singularity for the NSEs is to deal with the so-called Type II blow-up solutions, i.e., those
which violate a uniform similarity estimate for Type I solutions:

(5.5) Type I: for some constant C' > 0, |u(z,t)] < <= in R? x (0,T),

VTt
(5.6) i.e., Type II blow-up: limsup 7T —t sup |u(z,t)| = +oc.
t—T— z€R3

In the rescaled variables (5.2]), Type II blow-up means looking for a global solution of
(E3) that “blows up” as 7 — +o00. This problem is open, though some formal scenarios of
such a Type II blow-up in the NSEs have been discussed for a while; see, e.g., references
and discussions in [18].

Overall, we expect that the present study of simpler boundary point reqularity governed
by an exponentially perturbed rescaled equation (5.1]) is an inevitable and important
step towards solving the main open interior point reqularity blow-up problem for (5.3)).
Indeed, for (5.0)), it turned out that the asymptotic behaviour near the vertex was spatially
governed by the simplest first solenoidal Hermite polynomial (actually, a constant). While,
in order to understand blow-up in the “MPPCI equation” (5.3)), it seems that an essential
involvement of all other solenoidal Hermite polynomials {vj(y)} as eigenfunctions of the
linear rescaled operator B* (see Appendix A) should be detected first, before attacking a
possible essentially nonlinear structure of a Type-II blow-up singularity for the NSEs.
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APPENDIX A: HERMITIAN SPECTRAL THEORY OF THE LINEAR RESCALED OPERATOR B*:
POINT SPECTRUM AND SOLENOIDAL HERMITE POLYNOMIALS

Thus, approaching the characteristic vertex (0,0) in the blow-up manner (2.I]), one observes
Hermite’s operator B* as the principal linear part of the rescaled equation (2.2)). Writing it the
corresponding divergent form,

(A1) B*v = p% V- (p*Vv),
ly|?
where the weight is p*(y) = e” 1 > 0, we observe that the actual rescaled evolution is now

restricted to the weighted L2-space Lg* (R3), with the exponentially decaying weight p*(y). Here,
B* is the (“adjoint”) Hermite operator with the point spectrum [4, p. 48]

(A.2) oc(B*) ={\ = —%, k=18]=0,1,2,..} (B isa multiindex in R3),

where each A; has the multiplicity w for N = 3, or the binomial number C]]‘i, ko1
The corresponding complete and closed set of eigenfunctions ®* = {¢5(y)} is composed from
separable Hermite polynomials. Note another important property of Hermite polynomials:

(A.3) V5, any derivative D715 s also an eigenfunction with k = [3] — |y| > 0.
Recall that [4]
(A.4) polynomial set ®* is complete and closed in L%* (R3).

Further spectral properties are convenient to demonstrate using the linear operator B,
(A.5) B=A+1y - V+3I in L%(R?’), where p:pi*,

which is adjoint to B* in the dual L2-metric. It has the same point spectrum and the correspond-
ing eigenfunctions are multiple of the same Hermite polynomials according to the well-known
generating formula:

—1)l8l . _
(A.6) va(y) = SA- DPF(y) = 3() F(y).  where  F(y) = b e /4
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is the rescaled kernel of the fundamental solutions of Dy — A in R? x R,. Then, the bi-
orthonormality holds:

(A7) <¢Z7 ¢«/> = 65’}/ fOI‘ any /87 -
Indeed, this dual metric can be also treated as that in L%* (R3) for the self-adjoint case, but we
prefer to keep “ L?-dual” notations (for using also in non-symmetric Burnett cases; cf. (7).

Obviously, one needs to consider eigenfunction expansions in the solenoidal restriction
29 3y 12 (33 o
(A.8) L (R?) = L.(R?)” N {divv = 0}.

Indeed, among the polynomials ®* = {zb;} there are many that well-suit the solenoidal fields.
Namely, introducing the eigenspaces

@, = Span{yp, |8l =k}, k=>1,
in view of ([A.3)), div plays a role of a “shift operator” in the sense that
(A9) div : &5 — ®f_;.
We next define the corresponding solenoidal eigenspaces as follows:
(A.10) S ={v*=[vi,v3,05]T: divv* =0, v} € ®;}, where dim S} =k(k+2);

see [24], 25| 26] and further references therein.

Actually, the paper [24] deals with global asymptotics of NSEs solutions as t — 400, where
the adjoint operator B in (A.E) occurs. Since B is self-adjoint in L%(R?’), many results from
[25, Append. A] can be applied to B*. For a full collection, see [5l [6] for further asymptotic
expansions and self-similar solutions. In particular, this made it possible to construct therein
fast decaying solutions of the NSEs on each 1D stable manifolds with the asymptotic behaviourﬁ

(A.11) ug(z,t) ~ 3 VB(%) +... as t— 00, where vg =viF €S
are solenoidal eigenfunctions of B. Namely, taking

—1)l8l
(A.12) v =01, v, 03T € g, vi € B = Span {15 = L DIF(y), |8 = k},

where F' stands for the rescaled Gaussian in (A.6l), we have that
(A.13) divv = (v1)y, + (V2)y, + (v3)y, = div (V*F) = (divv*)F — 2y - v* F.

This establishes a one-to-one correspondence between solenoidal eigenfunction classes S} in
(AI0) for B* and Sy in (AII) for B; see (A14)-(AI6G) below for the first eigenfunctions
vg = vk, Therefore, dim S = k(k + 2), etc.; see details and rather involved proofs of the
asymptotics (AT for k =1 and 2 in [24].

In particular, those solenoidal Hermite polynomial eigenfunctions of B* can be chosen as
follows [25 p. 2166-69] (the choice is obviously not unique, normalization constants are omitted):

(A.14) M =0: vi=[1,1,1]" =e (the first solenoidal Hermite polynomial),

9We present here only the first term of expansion; as usual in dynamical system theory, other terms in
the case of “resonance” can contain In ¢-factors (g.v. [I] for a typical PDE application); this phenomenon

was shown to exist for the NSEs in R? [25] p. 236].
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0 Y3 —Y2

(A.15) A1 = —% Sovii=|—ysl, Via= | 0 |, Vvig=|wy | (dimS)=3);
Yo —Y1 0
4—ys—y3 Y1y2 Y1Ys
Ao =—1:v3 = Y1Y2 Vie= |4—yi —y3|, Vi = —Y2y3 ,
—Y1Y3 —Y2Y3 4—yi—y3
0 Y2Y3
(A.16) Vi, = — |—yy3|, Vi = — 0 )
Y1y2 —Y2u1
—Y2Ys3 Y1y2 y% - y32,
Vig= | Y2ys | Var= Y3 il Vis = | —yiye | (dimS5 =8), etc.
y% - y% —Y2y3 Y1ys

We need the following final conclusion. By (A4]), the set of vectors ®*3 is complete and closed
i L%* (R3)3, so that

(A.17) Vv e L%*(Rg)?’ = V=)3C8Vs V5E o3, k=18 >0,

where we use the vector notation

(A18)  eslr) = (). 3. AT = eavh=[eh(vh Tk, (k"
It then follows from (A.7)-([A.9) that

(A.19) polynomial set ®* = &3 N {divv = 0} is complete and closed in I:%* (R3).

In what follows, we always assume that we deal with “solenoidal” asymptotics involving eigen-

functions as in (AI0).

APPENDIX B: VERTEX REGULARITY FOR BURNETT EQUATIONS

B.1. Burnett equations in a hierarchy of hydrodynamic models. The Burnett equa-
tions (7)) appear as the second approzimation (the NSEs (1)) being the first one) of the
corresponding kinetic equations on the basis of Grad’s method in Chapman—Enskog expansions
for hydrodynamics. Namely, Grad’s method applied to kinetic equations, by expanding the
kernel of the integral operators involved in terms of those with pointwise supports, yields, in
addition to the classic operators of the Euler equations, other viscosity parts as follows:

Du=u+ (u-Viu= Y eMA"(p,Au) + ... = e(poAu+ e A?u+ ...) + ...,

n=0
where € > 0 is essentially the Knudsen number Kn; see details in Rosenau’s regularization
approach, [62]. In a full model, truncating such series at n = 0 leads to the Navier—Stokes
equations (LI]) (with pp > 0), while n = 1 is associated with the Burnett equations (L.7).
Note that Burnett-type equations, with a small parameter appeared as higher-order viscosity

ONote a standard result of functional analysis: polynomials are complete in any weighted LP-space

with an exponentially decaying weight; see the analyticity argument in Kolmogorov—Fomin [32] p. 431].
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approximations of the Navier—Stokes equations, is an effective tool for proving existence of their
weak (“turbulent” in Leray’s sense) solutions; see Lions’ monograph [44], § 6, Ch. 1]. Note that
the “Problem on blow-up/non-blow-up for Burnett equations (L7]) at an interior point” starts
from dimensions N = 7: for N < 6, there exists a unique global smooth L2?-solution, [21], § 6].

The final finite-dimensional dynamical system for first Fourier coefficients of solutions to
(L7 is derived similarly, but the regularity conclusions are shown to be more difficult and even
rather obscure. The necessary spectral properties and vector solenoidal generalized Hermite
polynomials as eigenfunctions of the rescaled non-self adjoint operator B* are introduced below
in Appendix C.

More briefly, we now list below main steps of the regularity analysis for (7).

B.2. First blow-up scaling: an exponentially perturbed parabolic equation. The first
blow-up scaling in (L7)) is now

(Bl) u($7t) = V(y77—)7 Yy = ﬁv T = —IH(—t) : (_170) - R-I-)
which yields the following rescaled equation:
(B.2) v, = —e_%Vp—i— B'v —e 1 (v-V)v in Qp, where B*=—A2_— iy -V

is the adjoint operator (C.IJ) for m = 2 with good spectral properties given in Appendix C.
B.3. Backward paraboloid. Here, Q) is defined as follows:

(B.3) ) =0Qn {1} w@) = (S aal)t = (-ie(r) (Sat=1),

with the same slow growing functions ¢(7) as in (23). The rescaled equation (B.2)) is then set
in an expanding domain,

(B.4) St)=0Qon{r}t: qo(y)

1
(Z?Lﬂlz’y?)“ =p(1) = 400 as T — +oo.

B.4. The Cauchy problem setting. Extending to the Cauchy problem by using the variables
(212, we use Green’s second formula: for any x € C5°,

(B.5) f{qo(y)gp(T)}(VA2X — xA%)dy = fﬁ(t) (AX?TX — VaaA—nX — Avg—ﬁ + X%A—nv) ds.

In view of the Dirichlet boundary conditions in (LT, in the sense of distributions, (B3] reads:
o o) o)

(B.6) A%V = A*VH + (3=Av) Og(ry 75 (Av 5S(r))’

where densities of a single- and a double-layer potential now depend on the Laplacian Av instead
of v in ([2.12]). Using the same harmonic pressure extension, we obtain

(B.7) Ve =BV —e 1PV V)V —P(ZLAV)dg, — P L(Avg,,).

As for the NSEs with m = 1, this problem is always locally well-posed, and is guaranteed to be

globally well posed either for N < 6 or for any sufficiently smooth initial data for NV > 7.
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B.5. Boundary layer and a perturbed rescaled equation. Close to the lateral boundary
of Qo, the next rescaled variables are

(B.8) z = ﬁ and v(y,7) =w(z, 7).
This makes the corresponding rescaled paraboloid (B.4]) fixed:

~ 1
(B.9) S (Thiaz)t =

The rescaled vector field w satisfies a perturbed equation:

WT:——A2W——Z A w—l—‘p 2 V,w—Le T P(w-V,)w

(B.10) ) I
— NP (L AV) 65 — VAP %(Av dg).

The BL-variables for a fixed point zg € S on the boundary (3.2) are

(B.11) £= (,D%(T)(ZO —2), (,D%(T)dT =ds, and w(z,7)=p(s)g(§,s).

In this boundary layer, we are looking for a generic pattern of the behaviour described by (B.10)
on compact subsets near the lateral boundary, satisfying

(B.12) €| = O((p_%(T)) =0 = |z—2z]|= O((p_%(T)) —0 as T — —+o0.
Substituting (B.I1)) into the PDE (B.I0) yields

= (20— ;i) - Veg
(B.13) —3 Sof,}Sf-Vgg—p—g—k Lo~ P(g- Ve)g — cpN 4_’]P’(anAv) dg

gs:Ag 411

_%(IDN_4_3P ~(Avidg), where Ag——A2g+ 20+ Veg.

Again, in (B.I3]), we observe a perturbed linear uniformly parabolic equation. As usual, here
one needs to check that all the perturbation terms are asymptotically small as s (or 7) — 400,
relative to the stationary autonomous operator A. This is done similarly to m = 1 above.
Overall, the BL representation (B.11]) and (3.5]) imply that (B.8]) holds. Moreover, asymptotically,
the limit problem becomes one-dimensional, depending on the space variable (3.9]).

We again pose the same asymptotic behaviour (B.8]) at infinity. According to the scaling
(BI0)), let us fix a uniformly bounded rescaled orbit {g(s), s >0 El Then, by parabolic theory
[9, T0], we can again pass to the limit in (B.13]) along a subsequence {sx} — +o0o, removing
small perturbations. Therefore, uniformly on compact subsets defined in (B.12), as k — oo,

(B.14) g(si+s) —h(s), where hy=Ah, h=%8=0at £=0, h|eyo =1
The limit equation obtained from (B.13)),
(B.15) hy = Ah = —h,,,, +ih,

is again a standard linear parabolic PDE in R x R, with a non self-adjoint operator A, so
(BI5) is not a gradient system in L?. We then need to show that, in an appropriate weighted

M As usual, the scaled function p(s) remains unknown and to be determined by matching with the
inner region behaviour.
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L?-space if necessary and under the hypothesis ([3.8)), the stabilization holds, i.e., the w-limit set
of the orbit {h(s)}s>o consists of a single equilibrium: as s — +o0,

{h({,s) — go(§), where Agy=0 for n €R,

(B.16) _
go=g)=0 for n=0, g)(+o0)=1.

This gives the unique solution of (B.I6) (see [I7, § 7] and [20, § 5]): for, e.g., zo = [1,1,1]7,
] - . .
(B.17) @) =1—¢e 2573 [cos(ﬁ?)—k% sm(;/f/g)], j=1,2,..,N.

It turns out that the limit problem (B.15]) possesses a number of strong gradient and contrac-
tivity properties. Namely setting by linearization

(B.18) h(s)=go+w(s) = Wy=AW=-Wy;;+3iw, w=w,=0atn=0,
we arrive at the following (cf. Proposition Bl for m = 1):

Proposition B.1. (i) (BIJ) is a gradient system in L*, and
(ii) In the given class of solutions, the w-limit set Qo of (B8] consists of the origin only and
is uniformly stable.

Proof. (i) One can see that (B.18) admits a monotone Lyapunov function obtained by multiply-
ing by wy;, in L?:

(B.19)

1
2
Hence, (ii) also follows. O

Thus, quite similar to the second-order case, under given assumptions, we can pass to the limit
s — 400 along any sequence in the perturbed gradient system (B.13]). Then, again similarly to
m = 1, the uniform stability of the stationary point gg in the limit autonomous system (B.1%]) in
a suitable metric guarantees that the asymptotically small perturbations do not affect the omega-
limit set; see [23] Ch. 1]. However, at this moment, we cannot avoid the following convention,
which for m = 2 is much more key than for m = 1. Actually, the convergence (B.14) and (B.I6])
for the perturbed dynamical system (B.13]) should be considered as the main HYPOTHESIS, which
characterizes the class of generic patterns under consideration, and then the normalization (3.8])
is its partial consequence. For bi-harmonic flows, a more clear characterization of this class of
generic patterns is very difficult. It seems that a correct language of doing this (in fact, for both

=

s f((wj)n)2 == f((wj)nnn)2 <0.

o

cases m = 1 and m > 2) is to reinforce the corresponding centre subspace behaviour as in (4.7).
Finally, we summarize these conclusions as follows:

Proposition B.2. Under the given hypothesis and conditions, the problem (BI3) admits a
family of solutions (called generic) satisfying (B.16)).

Such a definition of generic patterns looks rather non-constructive, which is unavoidable for
such higher-order nonlocal PDEs. However, (B.16) is expected to occur for “almost all” solutions.

Thus, we stop further discussions concerning the passage to the limit s — +oo in (B.13),
which, as we have shown, under the given hypotheses on the asymptotic smallness of pertur-

bations available, reduces to a linear stability analysis of the nontrivial equilibrium gy of the
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linear rescaled operator A in (B.I3)). This has been resolved for a class of generic solutions.
More generally, we have to deal with solutions of (B.13)) from the stable subset Wy of g within
the prescribed perturbed equations (B.I3]). A clear, constructive, and full identification of W)
is not possible for such higher-order nonlocal perturbed parabolic equations.

We summarize the conclusions as follows: in what follows, under the given hypothesis and
conditions, we will deal with a family of solutions Wy of (BI3) (called generic), for which

(B.16) holds.

B.6. Inner region analysis. In the Inner Region, the original rescaled problem (B.7) occurs.
For any extended solution orbit (2.I1]) uniformly bounded in L%* (R), we use the eigenfunction
expansion (L3)) via the generalized solenoidal Hermite polynomials (C.2I)). Substituting (£3))
into (BZ) and using the orthonormality property (C20) yield a dynamical system: for any
multiindex 3, with |3]| > 0,
. o o _ 3T ~ ~

(B.20) {Cg = Ageg — (P (55 Av) 5§(T),V5> — (P 55 (Av 5§(T)),v5> —e 1 (P(Vv-V)¥,vg),
where \g = —@ by (C14)), so that Ag < 0 for any |3 > 1. As for m = 1, one then needs to
concentrate on the first Fourier generic patterns associated with the centre subspace for B* (cf.

(C.23) for N = 3)
(B.21) k=0: XN=0 and vi(y)=e=[11,..,1]7, wvo(y)=F(y)e.

This reflects another characterization of our class of generic patterns. The equation for cy(7)
then takes the form:
(B.22) ¢o=— [ (ZAv)vods— [ AvZvyds— e T [ P(v-V)Vvvody.
S(r) 5(r) RY

Note that first two terms on the right-hand side in (B.22) have a pure solenoidal parabolic
(bi-harmonic) nature, while the only Navier-Stokes influence is presented by the last nonlinear
term with an exponentially decaying factor.

Using next the boundary behaviour (BI6]) with the 1D profile (BI7) for 7 > 1: in the
rescaled sense, on the given compact subsets, [B.I7)) holds, with g given by (B.I7)), where 7
stands for the rescaled distance:

(B.23) n = o3 (1) dist{y, S(r)}.
Similar to (8I8]), such a BL-asymptotics is “almost” solenoidal for 7 > 1, i.e., perturbed by an
exponentially small factor at any distance dg > 0 from the boundary. By the matching of both
Regions for such generic patterns, (48] has to remain valid.

Performing, similar to (ZI0)—(@I9), proper estimating of all the three terms on the right-
hand side of (B.22)) (the last, the Navier-Stokes one can be again estimated rather roughly)
yields the following dynamical system for the first Fourier coeflicients:

. _2 _ 3T
(B.24) {CO = —y11c09™ Vo () — M2c00™N T3 V)(p) —2e T (co - e)co N B vo(p) + ...,

where, again, the first two terms are purely “parabolic”. Similar to ([4.20]), we replace surface

integrals by some “average” values, actually assuming the radial dependence on |y| with the
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rescaled surface S(7) : {|ly| = ¢(7)}, as in @I3). As above, we do not guarantee that the
multiplier V3 in the last term in (B.24) is any optimal one (since the whole term will be
shown to be negligible anyway).

Finally, using the expansion of the rescaled kernel given in (CI1]) and keeping the leading
term only, the asymptotic dynamical system reads

&p = o cpN =00 (1) e=d0? (M) [y sin(bop (7)) + Ca cos(bop3 (7))

3T

(B.25) oy )
—v9e” 1 (co - e)cy QN +3-d (1) e dog™"(7) [Cy sin(bop3 (1)) + Cy cos(bop

O
where, as usual, y12 € RN are some constant vectors.

We then arrive at a typical and simple ODE regularity criterion: under the given hy-
potheses and conventions of our asymptotic analysis, the vertex (0,0) is reqular in the class of
generic solutions iff any solution of the non-autonomous 3D dynamical system (B.25]) vanishes
as T — +o0, i.e., 0 is globally asymptotically stable for (B.25]).

B.7. Two regularity conclusions. 1. The first regularity conclusion is straightforward: in
the absence of the convection term, i.e., for the linear fourth-order Stokes problem,

(B.26) w=-Vp—A%u, divu=0 in Qo

with the Dirichlet boundary conditions as in ([I.7]), the vertex (0,0) is regular provided that the
following integral diverges to —oo (cf. (29)):

+o00o
(B.27) %71 J @N+%_50 (s) edop'/(s) [Cy sin(bogp%(s)) +Cy cos(bm,o%(s))] ds = —o0.

Since the function under the integrals is strongly oscillatory and, in general, is of changing sign
for s > 1, (B27) may require a special procedure of “oscillatory cut-off” of the given ¢(7)
to delete a possible positive part of the divergent integral; see [17, § 7]. In other words, to
get the regularity conclusion (B.2T), the behaviour of ¢(7) as 7 — +o00 must be very carefully
adjusted with the nonmonotone and oscillatory behaviour of the rescaled kernel F(o(7)) of the
fundamental solution (C.4]) of the bi-harmonic operator.

If (B:27)) fails, then the vertex is not regular. One can see that the transition from a possible
regularity (after an oscillatory cut-off) to the guaranteed irregularity occurs at the following
“critical” paraboloid with

4 _3
(B.28) dopi(T)=InT = (1) =d,* (IHT)% =924 371 (lnT)% as T — 4o0.
This is the fourth-order analogy of Petrovskii’s function (2.8]), so that the constant therein,
(B.29) C, =273

is optimal (similar to the “2” in (2.8])): replacing it by any larger one Cy + &, with an ¢ > 0,
guarantees convergence in (B.27)) and hence the irregularity of the vertex (0,0). Indeed, for such
©(7), the integral in (B:27)) simply converges, i.e., on almost all such centre subspace orbits,

(B.30) co(r) A0 as 7 — 4o0.
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2. Concerning the full nonlinear Burnett problem (L.7]), we arrive at the same conclusion as
for the NSEs. Namely, it follows by balancing two terms on the right-hand side of (B.25), that
the last nonlinear one may be leading provided that

(B.31) lco(T)| > et (p%ﬁ) — 400 as T — 400,

which never happens in the case of the “linear” regularity described by (B.27)). Hence, the
convective term cannot change the vertex reqularity, thus leading to the same regularity criterion.

B.8. Nonexistence of similarity blow-up for Burnett equations: Type II singularities
are also needed. For (L), Leray’s-type blow-up scaling (5.2]) takes the form

_3 .
(B32) u(a:,t) = (T_t) 4V(y7T)7 y= Wa T = —IH(T—t),
where v(y, 7) solves the rescaled equation
B.33 v, =B*v—-323v_-P(v-V)v in RN xR,.
( 1 +

Here B* is the linear rescaled operator (C.IJ) with the known point spectrum and eigenfunctions
being generalized Hermite polynomials.

As for the NSEs (LI)) (see Section [l), the first question is whether a nontrivial Type I self-
similar blow-up exists, i.e., whether a nontrivial stationary solution v = v(y) of (B.33]) exists:

(B.34) —AW -1y Vv-3v-P(v-V)v=0 in RY, veL*R"Y)

It is curious that a negative answer (i.e., similar for the NSEs in Section [5]) can be obtained rather
convincingly just by a local asymptotic analysis of the elliptic equation (B.34]). As happens in
practically all blow-up problems for reaction-diffusion and other nonlinear PDEs (see examples
in, e.g., [19, 23, 63]), a “generic” behaviour of its solutions as z = |y| — 400 is governed by the
leading lower-order linear terms, i.e., in the radial representation, this means that, for z > 1,

(B.35) —tawvl—3v+.=0 = V(Z)NZ% as z — +00,

z

where C € R3 is a constant vector. Of course, (B.37)) is just a rough radial estimate, so an extra
“angular separation” is necessary to produce all asymptotics like that at infinity. However,
(B:33) is sufficient for a key negative conclusion: via the local behaviour (B.33]), for any C # 0,

(B.36) e L?{ly| >1}) iff N<6.

[y[3

In other words, in the “blow-up case” N > 7, blow-up cannot be of a self-similar (Type I)
form (B.32]) with a nontrivial asymptotics (B.35]).

Surely, this is not a proof of such a nonexistence, since the special single case C = 0 in (B.33])
has not been ruled out. Indeed, formally, it can happen that, for C = 0, the similarity profile
v(y) solving (B.34]) may reach an exponential decay at infinity (on derivation, see Appendix C)

(B.37) v(y) ~ Cy Wl\ e=®0lv*? " where ag=3- 275 and Cj € RS,

2For N < 6, solutions of (I7) do not blow-up in L= (RN), [21].
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Example: a diversion to blow-up in a related semilinear bi-harmonic flow. As is
known from similarity blow-up in semilinear bi-harmonic equations such as

(B.38) up = —A%u+ [uP'u in RN xRy, where p>1,
such a behaviour is highly unlikely. To explain this, consider its self-similar blowing-up solutions

1
(B.39) wu(z,t)=(T—1t) »To(y), y= W — —AW -1y Vo- p%l v+ |v[P~lv = 0.

Checking the asymptotic behaviour as y — 400, we again obtain the generic algebraic decay
similar to (B.38), which is governed by two linear terms: as z = |y| — 400,

(B.40) —izv’—p%lfu—k... =0 = oy NC\y]_%.
Similarly, for C' = 0, the behaviour gets exponentially decaying (cf. (B.37)):
(B.41) v(y) ~ Clly\‘ge_ao‘y'MB, where ¢ = —% (N — I%)a

with the same ag as in (B3T). See [19, § 2.3] and Appendix C for a derivation of such two-
scale WKBJ-asymptotics (B.4I]) and (B.37)). Therefore, the asymptotic bundle of exponentially
decaying solutions (B.41]) of the ODE in (B.39) contains a unique parameter C; € R, i.e., it is
one-dimensional. Thus, this is not enough to “shoot” two symmetry conditions at the origin:

(B.42) v'(0) = v"'(0) =0,

so an extra parameter should be at hand, and this is p. As shown in [I9] § 2] by a careful
numerical analysis of the ODE in (B.39) for N = 1, there exists a unique value of the exponent

(B.43) p=ps=1.40...,

for which (B.39)) admits a solution with the exponential decay (B.41), with some Cy # 0. Then,
in the sense of bounded measures in R, for p = ps,

(B.44) |u(:z:,t)|% — D6(x) as t— T, with the constant D = [ |v(y)|% dy > 0.

Back to blow-up in Burnett equations. We expect that a similar phenomenon does not
exist for similarity blow-up in the Burnett equations, i.e., exponentially decaying similarity
profiles (B.37) do not exist. Recall that, unlike (B.38]), the equations (L7) and (B.34) do not
contain any free parameter (like p in (B.38])), which could allow to get such a solution at least for
some its values. Of course, (B.34)) is a system of three solenoidal fourth-order semilinear elliptic
equations, and a definite negative nonexistence conclusion is very difficult to justify rigorousl.

Overall, we arrive at the following plausible situation: similar to the NSEs (1)) in dimensions
N > 3 (see discussion in Section[d), blow-up in the Burnett equations (7)) in dimensions N > 7

IBAn extra parameter may be “hidden” in a kind of “symmetry group” in the RV -geometry admitted
by these PDEs (anyway, this looks not that convincing). Overall, existence of a pure self-similar blow-
up for Burnett equations for N = 7 is a too simple way to settle this new “fourth-order Millennium

Problem”, and (at least one of the) authors would like to rule out such a trivial solution of it.
31



cannot be self-similar and rires constructing (or proving their nonexistence) non-self-similar

Type II blow-up singularitied

APPENDIX C: SOLENOIDAL HERMITIAN SPECTRAL THEORY FOR OPERATOR PAIR {B, B*}

We describe the necessary spectral properties of the linear 2mth-order differential operator
in RV (m = 2 for the Burnett equations (7))

(C.1) B* = (—1)"AR — 5oy -V,
and of its L?-adjoint B given by
(C.2) B=(-1)""Ar+ Ly v, +JL T

As we have seen, for m = 1, (CI]) and (C.2)) are classic Hermite self-adjoint operators with
completely known spectral properties, [4, p. 48]. For any m > 2, both operators (CI) and
(C.2), though looking very similar to those for m = 1, are not symmetric and do not admit a
self-adjoint extension, so we follow [§] in presenting spectral theory.

C.1. Fundamental solution, rescaled kernel, and first estimates. The fundamental so-
lution b(x,t) of the linear poly-harmonic parabolic equation

(C.3) u = —(—A)"u in RY xR,

takes the standard similarity form

(C.4) b(x,t) = t_%F(y), Y= i/

The rescaled kernel F' is the unique radial solution of the elliptic equation

(C.5) BF=—(-A)"F+ 3y - VF+ L F=0 inRY, with [F=1.

For m > 2, the rescaled kernel function F(|y|) is oscillatory as |y| — oo and satisfies [10] [13]

(C.6) |F(y)| < D e ®W® in RN, where o = 2 e (1,2),

for some positive constants D and dy depending on m and N.

4Here, there occurs a 4th-order Blow-up Problem for the Burnett equations (7)) that may be much
more difficult mathematically than the Millennium Prize Problem for the Navier—Stokes ones ([I1I). Of
course, unlike the classic one in the actual R3, a “non-realistic” dimension N = 7 makes the 4th-order
Problem less attractive for applications and for a general public, but, mathematically, it can be even more
fundamental for PDE theory, since represents less understood features and principles of interaction of a

higher-order viscosity-diffusion operator with a nonlinear convection one gathered in a nonlocal fashion.
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C.2. Some constants. As we have seen, the rescaled kernel F(y) satisfies (C.6l), where d
admits an explicit expression; see below. Such optimal exponential estimates of the funda-
mental solutions of higher-order parabolic equations are well-known and were first obtained by
Evgrafov—Postnikov (1970) and Tintarev (1982); see Barbatis [2, 3] for key references.

As a crucial issue for the boundary point regularity study, we will need a sharper, than given
by (C.6), asymptotic behaviour of the rescaled kernel F(y) as y — +oo. To get that, we keep
four leading terms in (C.5]) and obtain, in terms of the radial variable y +— |y| > 0:

(C.7) (1) FEm 4 L P 4 4 Ly + JEF =0 for y> 1.
Using standard classic WKBJ asymptotics, we substitute into (C.7)) the function

(C.8) F(y) = y 0™ 4 as Yy — 400,
exhibiting two scales. Balancing two leading terms gives the algebraic equation for a and d:
(C.9) (—D)™(aa)?™ ! =L and & = % > 0.

By construction, one needs to get the root a of (C.9) with the maximal Rea < 0. This yields
(see e.g., [2, 3] and [22], p. 141])

(C.10) a= % [ —sin (m) +1 cos (m)] = —do+1iby (dp > 0).
Finally, this gives the following double-scale asymptotic of the kernel:
(C.11) F(y) = y=% e=%v" [Cy sin(byy®) + Ca cos(boy®)] + ... as y = |y| = +oo,

where C o are real constants, |C| + |Ca| # 0. In (C.11)), we present the first two leading terms
from the m-dimensional bundle of exponentially decaying asymptotics.
In particular, for the Burnett equations (7)) in R3, we have

(C.12) m=2 N=3: a=3% dy=3.-27%, b=32.27%, and &=L

C.3. The discrete real spectrum and eigenfunctions of B. For m > 2, B is considered in
the weighted space L%(RN ) with the exponentially growing weight function

(C.13) p(y) =e" >0 in RV,

where a € (0,2dp) is a fixed constant. We next introduce a standard Hilbert (a weighted Sobolev)
space of functions Hgm (RN) with the inner product and the induced norm

(ww)y = [ ply) S° Div(y) Dhwgldy and [ol2= [ py) 3 [Dre(y)? dy.
RN k=0 RN k=0

Then Hgm(]RN ) C L%(RN ) € L?(RY), and B is a bounded linear operator from Hgm(RN ) to
L%(RN ). Key spectral properties of the operator B are as follows [8]:

Lemma C.1. (i) The spectrum of B comprises real simple eigenvalues only,
(C.14) oB)={Ag=—5, k=|8=0,1,2,..}.
(i) The eigenfunctions v¥g(y) are given by

—1)I8l
(C.15) vp(y) = S DOF(y), for any 8] =k > 0.
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(iii) Eigenfunction subset (CI4) is complete in L*(R) and in L3(R).
(iv) The resolvent (B — M)~ for A\ & o(B) is a compact integral operator in L%(RN).

By Lemma [C.1] the centre and stable subspaces of B are given by
(C.16) E¢ =Span{yy = F} and E°®= Span{yg, |5 > 0}.

C.4. Polynomial eigenfunctions of the operator B*. Consider the operator (C.)) in the
weighted space Lg* (RY), where (-,-),« and || - ||, being the inner product and the norm, with
the “adjoint” exponentially decaying weight function

(C.17) p*(y) = ﬁ — e ll" > 0.

We ascribe to B* the domain Hgl”(RN ), which is dense in Lg* (RY), and then
B*: HX"(RY) = L2.(RY)

is a bounded linear operator. B is adjoint to B* in the usual sense: denoting by (-,-) the inner
product in the dual space L?(R”), we have

(C.18) (Bu,w) = (v,B*w) for any v € Hgm(RN) and w € Hgf”(RN).
The eigenfunctions of B* take a particularly simple finite polynomial form and are as follows:

Lemma C.2. (i) ¢(B*) = ¢(B).
(ii) The eigenfunctions T/JE(y) of B* are generalized Hermite polynomials of degree |(| given by

(C.19) U5) = S [v7 + S (—aymiy? ] for any B,

(iit) Eigenfunction subset (CI9) is complete in L. (RM).

(iv) B* has a compact resolvent (B* — XI)~! in Lg* (RN) for X\ & o(B*).

(v) The bi-orthonormality of the bases {1z} and {¢%} holds in the dual L*-metric:
(

C.20) (Yg,V3) = 0py for any B, .

Remark on closure. This is an important issue for using eigenfunction expansions of solutions.
Firstly, in the self-adjoint case m = 1, the sets of eigenfunctions are closed in the corresponding
spaces, [4] (and we have used this in our previous NSEs study).

Secondly, for m > 2, one needs some extra details. Namely, using (C.20]), we can introduce
the subspaces of eigenfunction expansions and begin with the operator B. We denote by ﬂ% the
subspace of eigenfunction expansions v = ) cgiy3 with coefficients cg = (v,1*) defined as the
closure of the finite sums {z| Bl<M cgg} in the norm of L%. Similarly, for the adjoint operator
B*, we define the subspace i%* C L%*. Note that since the operators are not self-adjoint and
the eigenfunction subsets are not orthonormal, in general, these subspaces can be different from
L% and Lg*, and particularly the equality is guaranteed in the self-adjoint case m =1, a = i.

Thus, for m > 2, in the above subspaces obtained via a suitable closure, we can apply standard

eigenfunction expansion techniques as in the classic self-adjoint case m = 1.
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C.5. Solenoidal Hermite polynomials. The vector solenoidal Hermite polynomials are con-
structed from (C.19) in a manner similar to that for m = 1; c¢f (A.14)-(A.I6). Namely, given a
vector polynomial

(C.21) Vi =[5, 0k, 51T, where [Bi] =8| =...=|Bn| =8,
it gets solenoidal provided that

=z

(C.22) divvy =] 1(¢Bi)yi =0.

For instance, for the Burnett case m = 2 and N = 3, some pairs are (not all linearly indepen-
dent eigenfunctions are presented, normalization constants are omitted):

(C.23) M=0: vi=[1,1,17,
(024) )\1 = _i : VTl = [y27 _y37y2]T7 VT2 = [y37y37 _yl]Tv VT3 = [_y27y17y1]T7
(C25) )\2 = _% : V;l = [_y% - y§7y1y27y1y3]T7 V§2 = [yly% _y% - y§7y2y3]T7 etc.

(C.26) A3 = — vi = [43,93,93), Vi = [n1vd v, —ys(v? +y2)], etc.

[EN[SN]

(C27) M=—1: vi=[ys+4Lys+4Lyf +407, viy = [y, voud, —us(vi + v3)]",  ete.

As in the self-adjoint case m = 1, some technical efforts are necessary toward complete-
ness/closure of generalized solenoidal Hermite polynomials in suitable spaces. We omit details.
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