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Summary

In this article we present a new kind of regularity criteria for the global well-posedness
problem of the three-dimensional Navier—Stokes equations in the whole space. The
novelty of the new results is that they involve only the profiles of the magnitude of
the velocity. One particular consequence of our theorem is as follows. If for every
fixed t € (0,T), the “large velocity” region Q := {(x,t) | |u(z,t)| > C(q) ||ull 34-6},
for some C(q) appropriately defined, shrinks fast enough as ¢ * 0o, then the solution
remains regular beyond 7. We examine and discuss velocity profiles satisfying our
criterion. It remains to be seen whether these profiles are typical of general Navier—
Stokes flows.

1. Introduction

The Navier—Stokes equations governing the motion of a viscous incompressible fluid are

0
8—1; 4+ (u-V)u+Vp=Au, (x,t)€R®x(0,00) (1.1)
V-u=0, (z,t)€R>x(0,00)
u(z,0) = up(z) =z € R,

where v : R? — R? and p : R? — R are, respectively, the velocity and pressure fields and the
viscosity is set to unity for convenience. Here ug € L?(R?) and V - ug = 0. The pioneering
study on the Cauchy problem of this system by Leray (13) has established the existence of at
least one solution (known as Leray—Hopf solution) u € L>(0,T; L*(R3)) N L%(0,T; H'(R?))
that takes the initial condition ug(z) in the L? sense and satisfies the energy inequality

T
2 2 2
2 +2 / IVulZs dt < JuolZs

for all T > 0. Furthermore, if a Leray—Hopf solution becomes singular at some finite time
t = T, then it is necessary that the velocity blows up in the following manner (13)

C
Jullps > (T, — 037972
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for s >3, as t 1T, (1.2)
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where ¢ is a constant. It is easy to show that if a Leray—Hopf solution is smooth (regular),
then it is unique and classical. Furthermore, given a sufficiently smooth ug, such a solution
has been known to remain smooth and unique up to some positive time Ty. The question is
whether this localness can be removed, thereby extending Ty to infinity for global regularity.

Decades of active research since Leray’s seminal work has not been able to resolve
the issue of global smoothness from first principles. To date, regularity has only been
established under certain hypotheses. These hypotheses are known as regularity criteria,
usually presupposing finiteness of quantities that are critical with respect to the invariant
scalings u(x,t) — Au(Az, A\%t) and p(z,t) — A?p(Az, A\?t), where A > 0 is a constant. An
early result is the classical criterion by Prodi (14) and Serrin (15)

T
/ I
0

which has direct bearing on the Leray singularity criterion (1.2). Apparently, the border
case s = 3 is not included in (1.3). Nonetheless, (1.3) itself suggests the criterion

2;3/(8_3) dt < oo, for s> 3, (1.3)

esssup g,y [|ufl s < oo. (1.4)

This turns out to be the case and criterion (1.4) was indeed proved by Escauriaza et al (6).
Conditions (1.3) and (1.4) have been shown to belong to a large family of scaling invariant
regularity criteria in Gibbon (9), where the author further derived explicit gaps between
such criteria and useful a priori bounds for weak solutions.

Criterion (1.3) remains valid when the norm |u| ;. is replaced by its scale-equivalent but

1/
Ls

marginally weaker counterpart ||p| 2/2. Indeed the criterion

T
/ I
0

was proved by Chae and Lee (4) and Berselli and Galdi (1). However, unlike (1.4), it is not
known whether ||p||; s, < oo would imply regularity.

Criteria (1.3) and (1.5) have been improved by a number of authors, primarily by replacing
the L® norms by weaker but scale-equivalent norms or including a logarithmic factor. For
example, Fan et al (8) have replaced ||p| ;. by the homogeneous Besov norm ||p|| o for some

iss/(%_?’) dt < oo, for s> 3/2, (1.5)

appropriate o. Sohr (16) and Bosia et al (2) have used the weak Lebesgue norm |ul| .« in
place of |u| ;.. Zhou and Lei (22) have incorporated in (1.3) the factor 1/log(e + [ul| o )-
On the other hand, Fan et al (7) and Guo and Gala (11) have considered combinations of
both types of these improvements. Recently, Tran and Yu (19) have derived a new type
of improvement, weakening (1.3) by either the factor 1/(1 + |jul|;3)" or 1/(1 + [lu| g1/2)"
and (1.5) by the factor 1/(1 + ||luf,3)", for some suitable x > 0. There exist numerous
results outwith the realm of Prodi—Serrin type criteria discussed presently. For example,
Cao and Titi (3) and Zhou (21) have proved criteria expressible in terms of one component
of the velocity field. Grujic (10) has employed a geometrical approach, deriving criteria
involving the geometry of regions of “intense fluid activity”. Constantin and Fefferman (5)
have employed another geometrical approach, establishing regularity constraints in terms
of the direction of the vorticity.

This study features a new approach, also of geometrical nature, to the regularity problem



A GEOMETRICAL REGULARITY CRITERION FOR THE 3D NAVIER—STOKES EQUATIONS 3

of solutions of the Navier—Stokes equations. A regularity criterion is derived via new
estimates for the pressure term in the equation governing the evolution of ||Ju|,,, for ¢ > 3.
We examine high velocity region(s), denoted by Q, that is responsible for possible growth
of |Jul|;, and not known to be a priori controlled by viscous effects. Quantitatively, Q is
defined as follows. At each fixed time ¢, let

U =U(t,q) = C(q) llull s » (1.6)
where C'(q) will be specified in Lemma 2.2. In terms of U, Q is given by
Q=9Q(t,q) :=A{(z,1) | [u| > U}. (L.7)

The pressure term is then estimated on the basis of possible flow structures within 2.
The estimates are compared with the viscous dissipation term, whereby new results are
deduced. A novelty of this study is that the results involve the velocity profile within 2
and its geometry. Another novelty is the application of pressure moderation, introduced
n (18), that “cancels” the pressure term to some extent. Furthermore, a notable feature
in this work is that estimates are carried out for different Lebesgue norms at each time
t. In particular, there is no single ¢ such that the decay estimates for ||u||;, hold for all
t € (0,T). Nevertheless, we show via a technical proposition (Proposition 2.4), which could
be of interest by itself, that regularity can be guaranteed. We discuss the plausibility and
implications of the derived criterion.

2. Preliminaries
2.1 Pressure moderation

The idea of pressure moderation, introduced in (18), is to apply an auxiliary function P,
called a pressure moderator, to minimize the nonlocal effect of the pressure term on the
dynamics of |ul|,,. For effective application of this idea, we need the following lemma, a
refinement of Lemma 1 in (18).

LEMMA 2.1. Let v : R3 — R3 f:R?® — R, and g : RT U {0} — R. Further assume that
Vu=0,u-Vf=0,ue€ H'NL'NL®, f € WH* and g € L>=. Then for arbitrary ¢ > 0,
we have

/ Plu|?u - V]u|dx = 0, (2.1)
R3
where P(z) := f(x)g(Ju|) is a pressure moderator.
Proof. Let
H(s) ::/ g(r)ridr.
0

Then H(s) is Lipschitz on the interval [0, |u] ~ + 1]. Furthermore we have |H(s)| <
lgll 151971 /(q + 1), which, together with uw € L' N L, implies H(|u|) € L?. Now by
Theorem 2.1.11 of (23) we have H(|u|) € H! and

u-VH(u]) = g(Ju))|u|Tu - Vl]ul, a.e.

Multiplying both sides by f(x) and integrating the resulting equation by parts, noting
u-Vf=0and V-u =0, complete the proof.
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Fig. 1 A schematic description of the high velocity region €2, with boundary 0. The directed
curves represent streamlines. Sy C € is the surface where u - V|u| = 0. The surface Sj on which
u-Vp =0 (not shown) may lie relatively downstream or upstream compared with So. The former
allows for fluid particles on Sy to be accelerated and is the case of interest. The latter corresponds
to fluid particles on Sy being decelerated. The mixed possibility So N .S, # @ is also considered.

Throughout this study the pressure moderator P(z,t) is constructed as follows. Let g(s)
be defined by g(s) = 0 for s € [0,U] and g(s) = 1 for s > U, where U is defined in (1.6). The
choice of f(x), which can be said to be a function of ¢ as well, depends on specific properties
of the velocity field u(x,t) and will be described in due course. It is worth mentioning that,
following (1.7), P(z,t) = f(x,t)g(Jul) is supported on 2, independent of the form of f(x,t).

2.2 Basic energy estimates

We assume a simple flow scenario, in which the boundary 0 of the high velocity set
Q consists of finitely many closed surfaces that are sufficiently smooth to allow for the
divergence theorem to hold. Note that despite the C*° smoothness of |u| for ¢ € (0,T),
no smoothness for the boundary of Q(t,q) := {(z,t) | |u| > U} can be expected due to
Whitney’s extension theorem, which implies that any closed set can be the zero level set of
a smooth function. Nevertheless, we may assume smoothness of 92 through the following
simple changes to our arguments. For every (t,q) we pick U(t,q) € (U(t,q)/2,U(t,q)) such
that U (t,q) is a regular value of |u|. This is always possible due to Sard’s theorem. We
then define Q(t, ¢) in terms of U(t, q) instead of U(t, q). It is easy to see that any compact
subset of R? can only contain finitely many connected components of (¢, q). Furthermore,
thanks to the implicit function theorem, the boundary of each connected component of
Q(t, q) is smooth. A schematic description of one connected component of € is given by
Figure 1. Now, it will be seen that all our arguments and conclusions still go through with
this modified Q(¢, g).

Given the existence of a classical solution for ¢ € (0,7, we may manipulate (1.1) in this
time window of regularity without restrictions. The evolution of the local energy |u|?/2 is
governed by

2 2 2
gﬁ-ﬁ-u-V%—i—V%pu):A%

_ 2
5 2 [Vul“. (2.2)
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Multiplying (2.2) by |u|?2 and integrating the resulting equation over R3 we obtain, after
application of Lemma 2.1,

1d e _ 43
STl = =2 [ ol - Vil da

2 2
A (¢—2)/2 _ (g—2)/2
(4= 2) |lu V||, = ||l vu|

(=2 [ (p+ Pl 0 Vil do
R3
2 2
(g = 2) | lul=2/2 V|, — [|lul @272 vu
L2 L2
(a2 [0+ Dlul>u- Vlul do
Q
—|—(q—2)/ plul?3u - V|u|dz
Qe
2 2
~(a=2) ||l D2Vl ||~ |[lul 22 vl (2.3)

where 2 and P = fg are defined as in the final paragraph of the preceding subsection and
Q¢ :=R3\ Q. We treat the two integrals in (2.3) in turn.
On the one hand, since |u| = U on 91, integrating by parts the integral over 2 yields

e s, V/0)
/Q(p+f)lm Vluld /Q(p+f)|| T
:/Qlog%V-((p+f)|u\q*2u)dx. (2.4)

On the other hand, the integral over 2, with appropriate choice of C(g), can be absorbed
by the dissipation term as is seen from the following lemma.

LEMMA 2.2.For any ¢ > 8/3, let U(t,q) = C(q)||ulps4-6 with C(q) =
(coc1q |luoll;2) 2/, Here ¢y and ¢; are, respectively, the constants in the Calderén—
Zygmund inequality

2
Ipllz2 < collullps (2.5)

and the Sobolev inequality
1PllLe < e IVA] L - (2.6)

Further let Q(¢,q) = {z | |u| > U(t,q)}. Then

1 2
/ plulT 3w V|u|dz < = H|u|(‘1_2)/2 V|u|‘ .
Qc 2 L2

Proof. Let ©:= u/|u|. We have
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/ plul®™3 - Viul dw < OO/ |u] 2 p] 1 g
Qc

0] @272

L2(Q¢)
< O e fulf bl 522 [l 22 @ 9|,
< OOyl sl [l 59,
< 02, fu o 2 [l 225 Tl . 29

where Calderén—Zygmund’s inequality and the interpolation estimates

3 4 6 4 3 6 4
ol o < ] =07 a7 oy 3/ (60~
and

[l g < uf A4 a2 gy 1308/ [(Ba=2)(a=2)]

have been used. Here the latter estimate is valid for ¢ > 8/3, although we are mainly
concerned with ¢ > 3. By applying Sobolev’s inequality to |u\q/ 2 we obtain

(2.9)

2 c14q —
s < S a2

Substituting the above results into (2.8) yields

Cl=2eyciq |lul| 2

5 |u|(4=2)/2

/ plul9 25 Viu| dz <

Finally, substituting ||ul| ;> < |juol|;> and C = (coc1q |[uo| ;2)~2/~2) proves the lemma.
Upon invoking Lemma 2.2 and (2.9), (2.3) reduces to

d U _ 2
— [ull], < qlq— 2)/ log — V- ((p+ f)|ul]"?u)dz — = [lu]fa, - (2.10)
dt o |l &1

The reduced driving term in (2.10) is the subject of our present analysis.
REMARK 2.3. When ¢ = 2, (2.3) reduces to

1d
2 dt

which readily implies the a priori estimate

2
lullze = = IVullz.

/ IVull?. dt < ”“02”“ (2.11)

In terms of scaling, the two bounded quantities in (2.11) are weaker than the scale-invariant
quantities discussed earlier by a factor of A\. In the language of Navier—Stokes regularity
theory, (1.1) is said to be supercritical with respect to the energy. It is folklore that this
supercriticality can be removed and global regularity can be secured with the hyperviscosity
term —(—A)>4y in place of the usual one (e.g. (12) and (17)). This necessary extra
strength in dissipation totally agrees with the criteria discussed in the introductory section.
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The divergence V - ((p + P)|u|972 u) can be said to be symmetric, in the sense that it
integrates over R?® to zero. In the driving term in (2.3), which can be written as (¢ —
2) [gs 1og(U/|u])V - ((p+ P)|u|?"2u) dz, this symmetry is weakly broken by the logarithmic
factor log(U/|u|). One may therefore expect that some cancellation occurs within the term.
The question is to what extent such cancellation can be. The answer to this question
depends on a number of factors. Firstly, the correlation between |u| and V-((p+P)|ul?"2 u),
i.e. their relative spatial distribution, appears to be the key factor. Secondly, the divergence
V - ((p+ P)|u|9=2 u) itself depends on the correlation between u and p + P.

In the limit of large ¢, C(¢) tends to unity, and the driving set 2 reduces to point(s) of
peak |u|. In passing, it is interesting to note that 2 as defined here is not optimal. More
precisely, Tran and Yu (20) shows that C(g) may be replaced by a time-dependent quantity,
say C(t,q), that grows and would blow up with |jul|;,. The manner in which C(t,q) grows
with [jul|,, is not known in detail. Nevertheless, viscous effects can be stronger and € can
be significantly smaller than presently considered. For simplicity, we use the present version
of  with time-independent C(gq) throughout our analysis.

For the remainder of this study, we derive optimal estimates for the driving term in (2.10),
i.e. the volume integral over €2, by elementary methods. We turn this volume integral into
a surface integral, whenever possible, to avoid (presumably suboptimal) estimates involving
the peak velocity in the interior of ). The results are then compared with the dissipation
term and regularity criteria are deduced.

2.3 Regularity from instantaneous decay of Lebesgue norms

The key argument in most regularity proofs is the establishment of the estimate
d|ul ;e /dt < O for some fixed ¢ > 3 and all t € (0,T) , from which regularity beyond
T easily follows through one of the Prodi—Serrin criteria. In contrast, the proof of our
regularity criterion is more subtle, involving the following proposition, which essentially
says decay of Lebesgue norms at every moment suffices. It should be emphasized that the
decaying norms are allowed to be different at different moments.

PRrROPOSITION 2.4. Let u solve the 3D Navier-Stokes equations with initial value ug €
C5% (R?), the space of C§° divergence free vector fields. Let 7' > 0 be such that u remains
smooth on (0,7"). Assume that there is a positive function Q(t) € L2 ([0,7")) such that

for every t € (0,T), d|ul/,, /dt < 0 for all ¢ > Q(t). Then the solution remains smooth
beyond T'.

Proof. We give a proof by contradiction. Without loss of generality we assume |ugl|;. <
1, as otherwise we can consider Aug(Az) for appropriate X. As ug € C§% (R?), we have
[uoll o = |woll When ¢ 7 oo and consequently there is M > 0 such that

luollpa < M, Vg=2. (2.12)

Let go > 3 be fixed. Recall that for the solution to blow up at T', there exists ¢ > 0 such

that
c

”u("t)”qu = W (2.13)

It is clear that we can take ¢ < 1.
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Setting 3 = (1 — 3/qo)/4 and 6° = c yields
1

lw( )| a0 = T—0p Vte (T —94,T). (2.14)
Now by interpolation we have
s )l a0 < s )2 - DI (215)
where a = 11//22:11//q; € (0,1), for all ¢ > go. By |luo[ ;2 <1 and (2.14), we have
lu(, ) e = ! > ! , vt e (T —0,T). (2.16)
(T —t)B/e ™ (T —t)8

Next we define Q(t) := supp 4 @(7). Then clearly Q € L2.(0,7), Q(t) = Q(t) for all
t € (0,T), and Q(t) is non-decreasing.
For any ¢ € (0,T), we have

> Q(t) = ul, )l Lo < Jluoll o < M.

On the other hand, we have just shown that

1

uC, ). = m7

Vte (T —94,T).

Taking tg € (T — 6,T) such that ﬁ > M and qo > Q(tg), we obtain contradiction.

3. Main Results: instantaneous decay of Lebesgue norms

We now present the main results of this study. Because of Proposition 2.4, for regularity,
we only need to establish, at an arbitrary fixed time ¢t € (0,T), d|ul,, /dt < 0 for all
sufficiently large g. To handle the driving term in (2.10), we introduce some notation for
convenience. First, let

D(t,z,q) =V - ((p+ f)lul" ).
We then define Q4 C Q by

Q4 (ta) i= {w € Q| D(t,,q) < 0}, (3.1)
Q_(t,q) :={xeQ|D(t,z,q) >0}.

As they stand, (3.1) and (3.2) mean that Q; and Q_ make positive and negative
contributions to the driving term in (2.10), respectively. For nontriviality, we obviously
require positive measure of Qy, ie. |Qy] > 0. On the other hand, we consider both
possibilities |2_| = 0 (including Q = @) and |Q2_| > 0. Remarkably, the former case turns
out to be more favourable, although there is no partial cancellation of the driving term
occurring within 2. For this case we have the following proposition.

PROPOSITION 3.1. Let €24 be defined by (3.1) and (3.2). If |2_| = 0 for all ¢ at some time
t € (0,7T), then d |ul|,, /dt <0 at this time, for all large enough q.
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Proof. Since D < 0 in Q, there exists a unique Uy € (U, ||u| ;] such that

/ log v Ddx = log v Ddx. (3.3)
o, Ut Ja,
% U U U
/log—Ddleog—/Ddx:Uqfllog— (p+ fu- da.
o o |ul Ut Ja Uy Joo
Substituting this result with U = C(q) |[ull;s0-6 = (coc1q|uollz2) "2/ |ul s0-6 into

(2.10) yields

d q(q = 2) ullFaas Cllullgsa-6 o~ 2
AL | o pa-da= Sl
At T (3 fuol2) o0/ Tl Joa qa
-2 C _ 2 U
_ 35 Q(q2 ) - . log (q) ||u||L3f1 6/ (p+f)u da— “ || ||L3f1 || Hqu .
(c2q2 ||ug)).) a1/ (a=2) lleel o o0 o ull¥za—s
In the limit ¢ * oo we have
. (g —2) _ 1
072 (cefa® Juol[z) =D/ 10=2) cfed uollzs
C sq—
i 1og CO s
a0 lall oo
and
H 12, | 5 4(g—1)/[(3¢—2)(g—2)]
liminf — 2 > liminf |[u s, ( L q)
q/’oo ||u||L3q R q./'c0 [l 2
| ;5 4(q—1)/1(3¢—2)(q—2)]
> liminf [ul|; s ( L q)
9./ ol 2
= JJull poo- (3.4)
where the interpolation inequality [ul -6 < [lu ||4/ 89-2)(a=2) ||u||f’3%78)q/(3q72)(q72) has

been applied.

From the above limiting estimates, it is clear that d ||lu|,, /dt < 0 for sufficiently large ¢
if the surface integral [,,(p+ f)@-da remains finite in the limit ¢ — co. This turns out to
be the case. Indeed, we have

/ (p+f)ﬂ'da:/V'((p+f)ﬂ)drr
o Q

Note that since t € (0,T) is fixed, the above integral will be uniformly bounded in ¢ as long
as the volume of (¢, ¢) is so bounded.
Now by definition of Q(t, ¢) we obtain

2
q lulleey [ uoll32

2 2 2
C(@)? [ullgsas — C(@)? [lullLsos lull e
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as q /* oo. Consequently || < oo uniformly for all large ¢gs. and the conclusion follows.
The proof is thus completed.

REMARK 3.2. Intuitively, |2| vanishes in the limit ¢  oco. This, together with the fact
log(U/Ju|) — 0 in €, gives two vanishing factors in the driving term for |u,, in (2.10).
They compete with the growing factor ¢(q¢ — 2). Proposition 3.1 shows that when |Q2_| =0,
the vanishing terms dominate, leaving the pressure force overwhelmed by viscous effects.
This is highly unexpected, and in stark contrast with the classical Prodi-Serrin type criteria,
where the growth rate of some Lebesgue norm of u has to be assumed.

When [Q2_| > 0, there is some partial cancellation of the driving term in (2.10). This case
appears more general than the earlier case [2_| = 0. Let U_ € (U, ||u| ;] be defined by

U U
/ log — Ddx :=log — Ddz. (3.5)
Q_ | U-Ja_

Similar to Uy, U_ is unique. The relative magnitudes of U, and U_ and of fQ+ Ddzx
and [, Ddz dictate the growth rate of ||ul|,. With regard to Uy and U_, there are two
distinct cases to consider: U_ > U, and U_ < U,. Roughly speaking, the former case
means that D is more positive at higher |u| and more negative at lower |u|. For the latter
case, the distribution of D is more negative at higher |u| and more positive at lower |u|. We
consider these cases in turn.

PRrROPOSITION 3.3. Let 24 and U, be defined as in Proposition 3.1. Let U_ be defined by
(3.5). If U_ > Uy, then d|u||,, /dt <0, for all large enough g.

Proof. We have

/logEDdleogE/ Ddo:Jrlogg Ddzx
0 |ul Ut Ja, U- Jo_

U U
n _

U
:log—/Ddaj.
Uy Jo

From this point the proof proceeds in the same manner as the proof of Proposition 3.1.

Note that U_ > U, is not necessarily indicative of substantial cancellation occurring
between the positive and negative contributions. In fact, the level of cancellation can be
wide-ranging. Negligible cancellation takes place if [, Ddz < — fQ+ Ddz. On the other

hand, substantial (or complete or over) cancellation occurs when [, Ddz~ — fQ+ Ddz.

PRrROPOSITION 3.4. Let Q4 and Uy be defined as in Proposition 3.3. If U_ < Uy, then

/1og£Ddx:log—_ Ddx+Uqfllog£/ (p+ flu-da (3.6)
Q |ul Uyt Qy U= Jaa
Uy -1 U -
= log — Ddx 4+ U " log — (p+ f)u-da. (3.7)
U- Ja_ Uyt Joa
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Proof. We have

U U U
/log—Ddleog—/ Ddx + log — Ddx
o o luf Ut Ja, U- Ja_

U U_
zlog—/ Ddx + log — Ddx
Uy Ja, U Ja,

—Hogg Ddaﬂ—Hog2 Ddx
U- Ja, U-Ja_

U_ U
zlog—/ Ddx+log—/Ddx.
U: Jo, U Jo

Applying the divergence theorem to the second integral on the right-hand side, noting that
|u| = U on 99, proves the first equation. The proof of the second equation is similar.

It is clear that if at some time t € (0,T), D < 0 in Q, then Proposition 3.1 applies and
d|jul,, /dt < 0 at this particular time. On the other hand, when D > 0 almost everywhere
in €, the same conclusion trivially holds. This proves the following theorem.

THEOREM 3.5. Let u solve the Navier-Stokes equations with ug € C§%, (R?). Let T'> 0 be
such that « remains smooth up to (not including) time 7. Assume that at every ¢ € (0,7T),
there is a sequence of functions f,(x,t) € W satisfying u-V f, = 0, such that D = V-((p+
flulT%u) # 0 in Q(t, q) = {(z,t) | [u| > U(t,q)} and limsupg s [1fg (- 8)llyp1.00 sy < 00,
then u remains smooth beyond T

REMARK 3.6. Theorem 3.5 involves ideas similar to those in (18), (20), and (10). On the
other hand, no time regularity is required at all in Theorem 3.5, making it distinct from all
previous regularity results. We present more discussions on this in Remarks 4.1 and 4.2.

The task now reduces to constructing a function f that would render D # 0 in €. In what
follows we consider both possibilities that this condition holds and fails. For the former,
the condition is satisfied by a simple form of f and regularity is secured. For the latter,
detailed analysis of proposition 3.4 yields a criterion that can be satisfied by reasonably
realistic velocity profiles in 2.

4. Discussions

For the remainder of this study we apply Propositions 3.1, 3.3, 3.4, and in particular (3.6),
to several possible flow structures in €2 and deduce the condition for regularity in each case.
As seen from the proofs of these propositions, we may ignore the term corresponding to the
integral over 0f) as this term is well controlled by the dissipation term.

By virtue of V-u =0 and u - Vf = 0, we have

D=V(p+ ) uw=[u""p + (g 2)|ul"*(p+ f)lul

_ (p’ -2+ f>'“") a1, (4.1)

Jul

where the symbol “/” denotes directional derivative along streamline. To determine whether
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D vanishes in the interior of 2, we examine the solutions of

P (q—2><p+f>'“u'|' —0, (4.2)

or in a more compact form,
(log[p + fI)" + (¢ — 2)(log [u])" = 0. (4.3)

Let Sf := {(z,t) | p’ = 0}. Recall that Sy = {(x,t) | |u|’ = 0} (cf. Figure 1). For smooth
flows, it is reasonable to assume that S and Sy are surfaces, consisting, respectively, of
minima of p and maxima of |u| along the streamlines in Q. Here, we exclude minima of
|u| and maxima of p for the reason that the high velocity set € is small enough so that
each streamline within {2 does not have multiple extrema of each |u| and p. Assume for the
moment that S)N Sy = 0. There are two distinct cases to consider. Sy is situated upstream
(i) and downstream (ii) relative to Sy. On a given streamline ¢ passing through €, let O
and O’ be the points where |u|" = 0 and p’ = 0, respectively, i.e. O =£NSy and O’ = £NS}.
Now define f by p+ f =0 on Sy and u - Vf = 0. Note that as p and u are smooth and
bounded, f belongs to W1°°. With respect to O, |u|’ is positive and negative upstream
and downstream, respectively. With respect to O’, p’ is negative and positive upstream and
downstream, respectively.

For case (i), the signs of all quantities involved in the determination of the zeros of D
along ¢ are given by figure 2. It can be seen that relative to O, p + f < 0 upstream and
p+ f > 0 downstream. On the contrary, |u|’ > 0 upstream and |u|’ < 0 downstream. It
follows that the product (p+ f)|u|" is negative in the vicinity of O (vanishing at O though).
Meanwhile p’ > 0 in that region. As a result, D vanishes at 2 points near O, one on the
left, say A, and one on the right, say B. Note that A and B are closer to O for larger q.
Furthermore, D > 0 between A and B and D < 0 otherwise. It follows that _ and Q4
comprise the inner and outer parts of 2, respectively. Hence U_ > U, and proposition 3.3
applies to this case. Regularity thus follows. This makes sense as highest velocity fluid in
the vicinity of S decelerates in this case.

Similar to figure 2, figure 3 describes the flow data of interest for case (ii). As in case
(i), D vanishes at 2 points A and B on the left and right of O, respectively. However, the
signs of D on £ are opposite to those in case (i). Namely, D < 0 between A and B and
D > 0 otherwise. This means that Q4 and Q_ comprise the inner and outer parts of €2,
respectively. Hence Uy > U_ and proposition 3.4 applies to this case. Figure 4 describes
the sets 2_ and Q4 separated by surfaces S and S’ on which D = 0.

When ¢ increases, € shrinks and A and B approach O. If the shrinking rate is greater
than the approaching rate, then eventually A and B will be left outside €2. This means that
D < 0in €, so Theorem 3.5 holds and regularity is secured. To see the plausibility of this
scenario, we resort to the following rough estimate.

Let d(2) be the arc length of the longest streamlines within . On Sy we have p+ f =0 =
|u|’/|u|. By the Mean Value Theorem we can see that, for large ¢, |(¢ — 2)(p + f)|u]'/|ul] <
c(q — 2)d(2)? in Q for some constant c. On the other hand, Since ming, [p’| > 0 we have
|p'| > C for some positive constant C. Consequently, if d(2) = o(g~'/2), eventually D < 0
in © and regularity is secured.
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lu) >0 lu|’ <0
pHf<0 4 p+f>0

Fig. 2 The signs of various quantities determining the signs of D along a streamline ¢ for case
(i) in which O’ (where p’ = 0) is relatively upstream compared with O (where |u|" = 0). The
intersections of £ and Q are omitted. For large enough ¢, D = (p’ + (¢ — 2)(p + f)|u|'/|u])|u|?™*
vanishes at 2 points near O (A on the left and B on the right — not shown). Furthermore, D > 0
between A and B and D < 0 otherwise.

lul" >0 lul" <0
p+f>0 5 p+[f<O
4

!
p <0 0 p >0

Fig. 3 The signs of various quantities determining the positions of the zeros of D along a streamline
¢ for case (ii) in which O’ is relatively downstream compared with O. Similar to case (i), D = 0 at
2 points A and B on the left and right of O, respectively. But here D < 0 between A and B and
D > 0 otherwise.

Fig. 4 A sketch of the sets Q4+ and their separating surfaces S and S’, where D = 0, for case (ii)
in which S}, lies relatively downstream compared with So. The sets 1 and _ comprise the inner
and outer parts of §2, respectively. For case (i), these sets swap their positions.
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REMARK 4.1. Although the same argument can be applied when the pressure moderator is
absent, that is f = 0, the resulting criterion, d(Q) = o(¢™ 1), is a much weaker result.

REMARK 4.2. The above discussion shows that when the high velocity region Q(¢, ¢) shrinks
fast enough at every fixed time ¢ as ¢ * oo, then the solution remains regular. This is in
spirit similar to the main result in Grujic (10), where the limiting behaviour of Q4 (M (t)) :=
{z € R3 | |u(x,s)| > M(t)} is involved. Here M(t) is defined through [lu|;. and s €
(t,T) is some later time, with T" being the alleged blow-up time. On the other hand, we
notice that the definitions of the high velocity regions Q(¢, ¢) and Q4(M) are very different.
Furthermore, in (10) the limit involved is that of the time ¢ T, while in our discussion
the time ¢ is fixed.

When Q does not shrink fast enough, A and B remain in the interior of €2 for all ¢, and
we can only apply Proposition 3.4. In this case, further analysis of either (3.6) or (3.7) is
necessary to determine whether or not |ul|,, decays. We analyse the former in what follows.

From Propositions 3.1 and 3.3 we know that the surface integral over 92 in (3.6) can be
fully controlled by the dissipation term. So we ignore this integral and are mainly concerned
with the integral f9+ D dz, to which the divergence theorem is assumed to apply. With this
assumption we have

Ddxz/ (p+ )|ulo 7 - da. (4.4)

Now 99 consists of surfaces S and S/, on which D = 0, and portions from 99 (see figure
4). By the reason discussed above, the contributions from these portions may be ignored.
Hence we may write

Ddxw/ (p+ Hlul? 4 - da
Sus’

1 Tul

2—-q Jsus

Q4

lu|9" 4 - da. (4.5)

where (4.2) has been used. It follows that

U Uv_ 1 N
/log—Ddxrvlog—i/ Mp’|u|q_1u-d0L
Q sus’

] U, 24 Jsus Jul
qg—1
ul|f ,
< log EM / |l‘/ 0 - da. (4.6)
Up  2—¢ sus’ |ul

Comparing this estimate with the viscous dissipation term yields the following criterion. If

Us [ ful 2 Jullt,

log , (4.7

U- Jsus: lul = Galluli= sus,
then d [Jul|,, /dt < 0.
Since Us € (U, ||ul| ), the prefactor log(U;./U—-) in (4.7) can become small in the limit
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p+f

Fig. 5 Typical shapes of p+ f and |u| near peak velocity at O, where p+ f = 0 = |u|’ and p’ < 0.

U — |ul| e, which is certainly achievable as ¢ — oo. To have a sense of how small
log(Us /U_) can become, let |u| scale as ||, Here one may allow a > 1/3 to include
the unfavourable possibility |u|;s — oo as | — 0. Let Ux = ||lu| x, we then have
Uy ~ Q7T | Tt follows that U, /U_ ~ |Q|(@-=9+)/9-9+ and

U .
log —- ~ Mlog\m.
U- q-q+
Now since ¢+ > g— ~ 3gq, the ratio (¢+ — q¢—)/(¢—q+) can be as small as 1/g or smaller.
This means that the logarithmic factor on the left-hand side of (4.7) may cancel the factor
1/q on the right-hand side. On the other hand, the same scaling |u| ~ ||~ implies that

”u”%&z > ”u”%?»q ~ |Q‘1/3—a
q-1 = q-1 :
HUHLOO(SUS’) llell 7o
Hence, (4.7) holds if [ ¢ p'|ul/|ul' @ - da grows less rapidly than |77 for some 0 < 8 <
a—1/3.

The profile of |u| near O and the two-dimensional measure of S and S’ play key roles in
the magnitude of the integral [q o, p'|u|/|u|'% - da. Typical shapes of p+ f and |u| near O
are given in figure 5 for illustration and are consistent with the assumption that p’ does not
change dramatically near O while |u|" tends to zero in some manner as A and B approach
O (S and S" approach Sp). Observe that the ratio |u|/|u|’ is sensitive to the shape of |u]
but virtually independent of its magnitude. Let s denote the arc length along ¢ with s =0
at O. Counsider |u(s)| = |u(0)|6(s), for some shape function 6(s) such that (0) = 1 and
6'(0) = 0. This allows us to write

1
/ Mﬂ-da:/ —/ﬂ~da.
SuUS’ |U| sus: 0
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Fig. 6 A sketch of the sets Q2+ when So and S} cross each other. Each Q_ and Q4 comprises
three pieces, separated by S, S’ and S,. Continuity requires D = 0 on S,.

As g — 00, S and S’ collapse onto Sy. Hence in this limit we have |S| ~ |S’| ~ |So| ~ |Q|?/3.
The above integral diminishes and (4.7) holds if, on S and S’, 6(s) tends to zero no more
rapidly than |Q%/3+8 for some 8 < o — 1/3. A broad class of (s) satisfies this condition.
A simple but reasonably realistic example is §(s) = cos(n|s|?), where n > 0 and v > 1/2.
For this form of 6, the sharpness of the velocity peak can be increased by either increasing
n or decreasing 7y, or both.

Finally, when Sy N S} # (), complications arise in the geometry of {21, requiring minor
modifications to the above analysis. If Sy and S{) just touch each other without crossing,
then we have either case (i) or case (2), depending on whether S lies relatively upstream or
downstream compared with Sy. So the above analysis applies to this case without change.
When Sy and S}, cross each other,  can be divided into 2 parts. These parts are separated
by a surface, say Sy, which is made up of streamlines intersecting Sy N Sj. In one part,
figure 2 applies to its streamlines. On the other hand, figure 3 applies to streamlines in
the other part. For a streamline on Sy, D vanishes on the entire line. Hence D = 0 on
S, 8" and Sy, all of which contain Sy N Sj. Figure 6 describes the sets Q4 in some detail.
Note that although Q. has a complex shape, the surface integral f89+ (p+ H)lu|T'4 - da

still reduces to [g g (p + f)|u|?" 4 - da, after negligible contributions from portions of 9
are omitted. Criterion (4.7) then applies. Now, unlike the case Sop N S = 0, where p’ at
O remains nonzero in the limit ¢ — oo, p’ at O in the present case tends to zero. Hence,
criterion (4.7) holds for a broader class of shape function 6(s) than in the non-intersecting
case. This makes sense since high-velocity fluid particles on Sy N S| do not accelerate.

5. Conclusion

We have studied the driving term in the equation governing the evolution of |ul,,, for
q > 3. As is well known, viscous effects can a priori neutralise the contribution to this
term from almost everywhere, except for a “pre-singular” set Q (a neighbourhood of peak
velocity), whose measure diminishes as either ¢ or ||u|,, (or both) increases. The reduced
driving term, expressible as a volume integral over (), has been written in a new form
amenable to estimation by simple methods. In general, {2 consists of subregions 2, and
Q_ with positive and negative contributions, respectively, to the driving term. When the
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latter is absent or negligible, straightforward calculations have shown that the driving term
is fully suppressed by the dissipation term. On the other hand, when the contribution from
Q_ is significant, the problem becomes more involved. This is rather surprising as one
may intuitively expect some partial cancellation in the driving term would make it weaker.
Nonetheless, a delineation of the subsets 24+ and simple mathematical tricks have turned
the driving term into a surface integral over ), whose integrand is sensitive to the shape
of |u| in the vicinity of its peak. A regularity criterion depending mainly on this profile
has been derived and discussed. We have argued that for a wide range of velocity profiles,
viscous effects are strong enough to control the pressure force. However, it is not known
whether these profiles are typical of general Navier—Stokes flows.

Turbulence as described by the classical theory is a sea of highly chaotic vortex filaments
(possibly decorated by coherent vortices). Presumably, these small-scale objects have large
vorticity but moderate velocity and are the products of the direct energy cascade. No
theories of turbulence seem to be concerned with the velocity itself, which can be said to
be a large-scale quantity. Because of moderate velocity, the classical picture of turbulence
is regular by default. Indeed, the theory premise of direct energy cascade, which is arrested
at the viscous dissipation scale, is an implicit assumption of regular dynamics. Given such
a cascade, the regularity criterion (18)

Jull o < el 2
can be highly excessive as the bi-vorticity on the right-hand side is super large while
the velocity on the left-hand side is moderate. Hence it is infeasible to relate Navier—
Stokes singularity (if realizable) to turbulence in a meaningful manner. One may, however,
postulate that turbulence corresponds to a broad class of initial data, while Navier—Stokes
singularity occurs for some class of data that evolve in a highly organised manner and resist
the energy cascade. In the present analysis, the pre-singular set € and its constituents can
be regarded as regions of highly organised and large-scale dynamics. They are thus suitable
regions for probes of singularity /regularity.
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