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CHAPTER 11T

Analytical theories
and mathematical aspects

83.1 Spectral method and local existence, regularity and unique-
ness theorems for Euler and Navier—Stokes equations, d > 2.

One of the most immediate and elementary applications of the spectral
method of §2.2 is the local existence, regularity and uniqueness theory of the
solutions of the Euler and Navier—Stokes equations in arbitrary dimension.

We shall illustrate the theory only in the case in which €2 is a cube with
opposite sides identified (i.e. “periodic boundary conditions”).

Consider initial data w,(z) and force density g(z) which are analytic in z,
hence such that B

u(z) :Zlgeiﬁ'zv 72 — jO o E'lz =0, |12‘ < Ve ¢kl
kA0 a B

g(z) :ngeiﬁ-g) 9,=9_, k-g =0 lgl|< Ge Skl
k#0 B B B B

where V,G and £ are suitable positive constants and k is a nonzero vec-
tor with components integer multiples of kg = 27L~! and |k| will denote
> lki|.t The averages ug and g, are supposed zero, as usual. To simplify

calculations we shall assume £ = &y/ko with §; < 1 which, evidently, is not
restrictive.
Then the following proposition holds

Proposition (“perturbative local” solution of NS): Consider the NS-
equation in d-dimensions (d =2,3)

a=vAu—-u-du—p'dp+yg, Q-u=0 (3.1.2)

1 This is a natural definition when k are the Fourier transform mode labels for an analytic
function, c.f.r. [3.1.1].
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142 §3.1 Local existence and regularity

with initial datum and force satisfying (8.1.1).

There is By > 0 such that if &< kot < 1, V. Y vr=1, 7% 1201 and

Vo = Bo(V + GT.) &%t then (3.1.2), admits a solution u(z,t) analytic
in x and t with
Ve

[, (0] < Voe SlE2k,for o<t 1y ST (0]
B 0

) (3.1.3)

and the solution is the unique one enjoying the above properties in the time
interval [0, to].

Remark:

(1) Hence a local existence and regularity theorem holds, and explicit esti-
mates on the duration of the existence and regularity interval are possible:
“analytic data evolve remaining analytic at least for a small enough time”.
(2) Uniqueness holds even within a much wider class of solutions ¢t — u(z, ),
p(z,t): for instance it holds for solutions in class C1([0, o] x€2). See problem
[3.1.6] below.

(3) Existence regularity and uniqueness can be studied also in other classes
of functions. For instance if u® € W™ () and m > 4 (so that since 4 > 3+2
one has, c.f.r. [2.2.20] that u® € C1(£)) one can easily show the existence
of a time T, such that the equation (3.1.3) admits a solution in W™(Q)
for each t € (0,7,,): see problems. The analytic case considered here is
more involved: but the result is perhaps more interesting, mainly because
of the technique that is employed and that illustrates a method often used
in other physics problems.

proof: The part concerning uniqueness is absolutely elementary and, as
noted, it will show in reality uniqueness among solutions of class C1 ([0, to] x
Q) (hence, a fortiori, in the analytic class of the type stated in the proposi-
tion). Calling u, and u, two solutions of class C'*([0,to] x Q) let du = u; —uy
and consider the relation obtained by computing the difference between the
two members of the equations that each of the u; verifies, multiplying at
the same time both sides by du and integrating on Q. One finds

yii owrde= v [(@ow?de [ (~(u,-00u (Gu-0u,) - buds

(3.1.4)
because the pressure term disappears by integration by parts (by using the
zero divergence property of the velocity field) and in the same way the
first term in the third integral of (3.1.4) also disappears (because it can be

written [, —u, - & (0u)? dz and it is, therefore, zero for the same reason).

Hence setting D = fQ(ég)Q dz one has, for 0 <t <t

1. .
sD<D max |dus(a,b) “'pm (3.1.5)

z,0<t<to
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§3.1 Local existence and regularity 143

where M is the indicated maximum (M < oo because u, € C1([0,%9) x Q)):
the (3.1.5) implies D(t) < D(0)e2M*; hence D(0) = 0 yields D(t) = 0 for
each 0 < ¢ < tg; i.e. one has uniqueness of the solutions of the (3.1.2)
verifying (3.1.3).

Note that in (3.1.5) we did not take advantage of the non positivity of the
term proportional to the viscosity: hence the just seen uniqueness property
remains valid in the case of the Euler equation. However in the remain-
ing discussion we shall make explicitly use of the hypothesis v # 0, c.f.r.
problem [3.1.6].

We now look at the more interesting question of existence. We shall write
(3.1.2) in the spectral form (2.2.10):

. 2 .
B=-vEY - Y ko Iy, +9, (3.1.6)
El“rEg:E

where II;g, of (2.2.10) is called here g, . Let us rewrite it as

t
2 2
() =ppe " + / eI (g, -
; ,

, (3.1.7)
—i Y () kT, (7)) dr
ky+k,=k ”
We shall set jz(T) = lze_”EZT + gﬁ(l — e K7 /u k? and we get
|70(7)] < Ve lil/ko - Vo =V 4+ G (vko) 2 (3.1.8)

where ko = 27/L, c.f.r. (3.1.1).
Imagine solving (3.1.7) recursively, setting 12 (t) = F2(t) and

t
. v k2 (t—1 n n
lﬁl(t):iz(f)ﬂ/o e EOTD N 9} (1) ky Iy (1) dr (3.09)
k, thy=k

for n > 0. Then by “iterating” (3.1.9) once we get

t
n = —v k2 (t—7 . _0 —
lkJrl(t) = lz(t) —1—/0 e VE(t=T) g ( — 1 Z Tk, (1) - ky HE122(7)>+

kythy=k
t T
_ Z/ e*llﬁ2(t77')d7_ Z / dT/ ( — Z efuﬁf(‘rfr')
0 Eyky=k 7O K tky=k,

n—1

Y, (7) 'ljlznﬁll(@zfl)(T')) 'EQHEW(EOQ)(TH

t T
_Z-/ e E g 3 _Z-/ erBE—) 3
0

0 Eythy=k K}tk =k,
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144 §3.1 Local existence and regularity

_(0 n—1 —(n—
Ti () kol (v (7)) - ko T, 70 0() ) dr” (3.1.10)
t
"y / cEED g 3
0 kytk,=k
. T —v —T n—1 n—
(=i > /e B (yi ™ (1) - Ky T, 107 (7)) -
Kk =k, ¥ © -
. T —v T—T n—1 n—
Wi 3 [ e Bl ) kT, o ()
E/1/+E/2/:E 0 —2
for n > 1.

The (3.1.10) can be further iterated: clearly one needs a better notation
because the (3.1.10) is a straightforward consequence of (3.1.9) and yet it
looks very cumbersome and promises to become even more so, unpractically
so, upon further iterations.

Therefore we discuss how to find a simpler representation for }(¢): it turns

out that it can be represented graphically as

T =TO+ X > Val(©) (3.1.11)

1<m<2" ©¢c decorated m—trees

where © is a “tree” with m internal vertices (“decorated m-tree”), and
Val(©) is its “value” (that will be defined below); furthermore the tree has
a root and every branching happens by doubling, i.e. into every internal
vertex two branches of the tree enter and one exits.

To understand the notation in detail define a m—tree as a connected set of
2m+1 oriented lines, that we call “branches”, with no cycles. Let us denote
with (v,v’) an oriented line drawn on a plane and going from the point v
to the point v’.

(a) Given 2m + 1 oriented lines of unit length and fixed a point r on the
plane, we copy on the plane a first oriented line (vg, ) that ends in r. We
shall say that r is the root of the tree.

(b) Then we copy on the plane two other oriented lines that end in vy,
i.e. at the starting point of the already drawn line. Let (v1,vg) and (ve, vo)
be these two lines.

(¢) Continue the construction by attaching to some of the initial vertices of
the last drawn lines pairs of oriented lines with the end vertex in common.
Until (after m steps) a figure © is obtained that we shall call tree with root
r and 2m + 1 branches, or m—tree (not decorated).

(d) We shall call internal vertices or nodes the vertices into which two lines
enter (and one exits, necessarily). While the vertex r will be called root, the
vertices out of which only a line exits and none enters will be called final
vertices or external and their collection will be denoted by V.

(e) Here we shall consider, therefore, only trees with three branches per
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§3.1 Local existence and regularity 145

node, one exiting and two entering: hence the number of nodes is m and it
is one unit lower than number of external vertices (root excluded because
it will not be considered a vertex of the tree). The trees are thought of
with the branches entering every node marked, and distinguished, by a
label 6 = 0, 1; furthermore trees that can be overlapped (labels included)
by means of a sequence of rotations of the lines entering the nodes will be
considered identical.

In terms of this definition and adding to the trees a certain number of
other labels or decorations that shall be described in following explanations
on how to read the figures, it is possible to reinterpret the (3.1.9) so that it
is represented by the following graph

n

ky
t n+l 4 t 5§=0
® —+ T
§=1
k E k
EQ i

Fig (3.1.1) The representation of (3.1.9).

We read this Fig. (3.1.1) as follows: the lLh.s. represents the Lh.s. of
(3.1.9): hence it carries the decorations ¢, k,n + 1,t needed to identify it
(i.e. it is a notation “alternative” to l:+1(t))' The first graph in the r.h.s.

(it is a O-tree) represents 79 (t), i.e. the first term of the r.h.s. of (3.1.9).
Note that it does not carry the label ® on the final vertex: a reminder that
this branch represents a “known” term.

The second term is read by interpreting the line with labels § = 0 and k&,
ending in the node carrying the label 7 and starting in a final vertex with
label o™, as representing (see (3.1.9)) 7}' (7) - ky; the other line (with § = 1)
instead is interpreted as ITj 122 (1), wherle k = k; + k5 is the label of the line
exiting from the node into which the two lines merge: and this node must
be interpreted as the operation —i fg dr e~V B (t=7). performed in (3.1.9).

Hence the node represents an integration operation and the label § distin-
guishes the two factors with 4™ in (3.1.9): this is a label made necessary
by their not symmetric role. We see that the decorations and the form of
the tree identify uniquely the operations to perform: thus they are just an
alternative notation to (3.1.9).

Likewise the equation (3.1.10), obtained replacing the functions ~}'(7) in

(3.1.9) with the expression that is provided by (3.1.9) itself (with n re-
placed by n — 1), is susceptible of a graphical interpretation. An attentive
examination of (3.1.10) indeed gives us the following representation, see Fig.

(3.1.2), consistent with the preceding one, and manifestly much simpler than
(3.1.10).
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146 §3.1 Local existence and regularity

Fig. (3.1.2) The representation of (3.1.10).

where the vertices marked by « should carry the label n+1 in the L.h.s. and
n — 1 in the r.h.s., and the lines entering the nodes should carry the label
d = 0,1 (not marked in the figure for simplicity).

We must remark that Fig. (3.1.2) is obtained from Fig. (3.1.1) by simply
replacing the final lines (i.e. lines with initial vertex in V; and, therefore,
without entering lines) carrying the label ™ by one of the two trees of the
r.h.s. of Fig. (3.1.1).

Hence Fig. (3.1.2) can be further “developed” by iterating the construction.
At every iteration the trees that represent ;' (¢) will have final vertices

without e and final vertices still carrying this label that, however, at the
k—th step will be ”~*. Hence the procedure will stop when k = n, provided
the vertices with label % will be simply drawn without this label (as it can
be given no other meaning). The graphs that are obtained in this way are
trees in the sense defined by (a)%(e) suitably decorated with labels (and
with the final branches deprived of the labels o).

It is clear that the result of the iteration of the (3.1.9), i.e. of the iteration

developed until the l,(fj ) (1) with j > 0 disappear, can be written in the form

(3.1.11), as we see already in the case of (3.1.10). For this purpose we shall
formally describe the further “decorations” that it is necessary to attach to
the trees. The natural decorations, suggested from the above interpretation
of (3.1.9) and (3.1.10), are

(1) A label k, is attached to every branch p of ©: such vector labels will
have to be subjected to the constraint that the sum of the k, of the (two)
branches p entering a node be equal to the label k, of the exiting branch.
Hence the labels k, of the final branches (i.e. of those that begin in vertices
v € Vy) determine all the labels k, of the other branches. We shall set,
however, the restriction that the label k, of the branch that ends into the
root be k, if we are computing v, (1)).

We shall call, in analogy with the “Feynman graphs” of field theory, the
vector k, the momentum flowing in the line p and the momentum of the
line that ends in the root will be the total momentum of the tree. Note that
k= Z; k, where the sum is restricted only to the final branches (i.e. with
initial vertex in V).

(2) With every node v we associate a time 7, € [0,¢] so that the function
v — T, increases as a function of v (consistently with order on the tree,
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§3.1 Local existence and regularity 147

from the final vertices towards the root). With the root we associate the
time t larger than all 7,.

(3) Finally we recall that, by construction, every branch p that precedes a
node v carries a label §, =0, 1.

If p, is the branch that has v as initial point and v;), v, denote the final
and initial points of the branch p, consider the following quantity that we
call the value Val(©) of the decorated tree (O)

(o [T ara([Te ™™ m)(IT 22 @ IT &)

v nodes pint veVy v p,0,=1
(3.1.12)
where the first product is over the non trivial vertices, i.e. the nodes, of
the tree (in number of m); the second product is over the m — 1 internal
branches (i.e. over the branches that do not start at a final vertex v € Vy);
the third product on v € V¢ concerns the m + 1 final vertices and the last
product is over the m branches with label §, = 1.
The domain of the integrals on the 7, is described by the conditions in (2).
The labels of the vectors k& and ﬁ and of the tensors HE,) that project on

the planes orthogonal to k, must be contracted between each other in a
suitable way (that can be inferred by reading (3.1.9), (3.1.10) and that here
it is not interesting to make explicit): then the sum (3.1.11) of the values
(given by (3.1.12)) of the decorated m—trees © with m < 2™ will give us

the value oflli") (t). The sum over all the decorated trees will be exactly the

limit for n — oo of Y™ (7).

In other words (3.132) gives a formula, as a development in a series, for
the solution of the NS equation, obviously modulo problems of convergence
and provided no double counting errors are made. The latter are simply
avoided if we impose to consider only the contribution of decorated trees
which are “different”, considering as equal two decorated trees that can be
overlapped by permuting the branches that enter the same node (with the
decorations rigidly attached).

Wishing to perform a bound of the convergence of the series for ¢ < ¢y, with
to > 0, we remark that every factor 7% can be bounded by Ve olkl/ko
using (3.1.8), with Vo =V + (vko) 2 G.

Writing e—¢0/kl/ko = ¢—€olkl/2ko o =£olkl/2k0 and recalling that the sum of the
k " is conserved at every vertex, we see that k = Zvevf k oo and hence the
contribution to the sum in (3.1.12) due to the trees with m nodes (hence
with m + 1 final vertices and m — 1 internal branches) is bounded by

VIt e—olkl/2ko Z/( I )
k,

vEnodes

'(H e_yﬁgv(fv,-n))( H e Solk,1/2koy( H k)

v Vy vEVy p,0,=1

(3.1.13)
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148 §3.1 Local existence and regularity

where the sum only runs over the k, ’s with p, being a final branch, (the
other k,’s are fixed by the rule of conservation at the nodes). Recall here
that the final vertices v € V; are not nodes (only the internal vertices are
nodes).

The integrals on 7, can be bounded, enlarging to [0,¢] their domains of
integration and for all trees, by

_ 2
1—e B!

[—— <[]t w2 (3.1.14)

2
I/Ep

for € € [0,1] arbitrary;? the product in (3.1.14) runs on the branches p
which are not final, c.f.r. above.

Hence by selecting ¢ = 1/2 we see that (3.1.12), relative to a tree with
2m + 1 branches and m nodes, hence, m + 1 final vertices, is bounded above
by

/ m
o~ 6olkl/2ko g (1)~ 1yn/2 7 ( 3 IE] e—&o\@'vzko) i (3.1.15)
o ho

because the factors |k,| corresponding to the internal branches with label
6, = 1 (in (3.1.13)) are compensated by the corresponding |k,|*, (that
are generated by (3.1.14) with ¢ = 1/2). The factors |k,| relative to the
branches with label §, = 1 but that exit from final vertices instead cannot
be compensated in this way (as the factors in (3.1.14) are simply not there,
see (3.1.12)) hence we left them, just writing them as ko |k,|/ko. We put
them together with the bound on the factors 72 associated with the m 41

P
final branches (i.e. Ve % |Eﬁl/2k°) generating a certain number m’ < m+1

of factors that are some of the factors in the last term in (3.1.15); each of
the other m + 1 — m/ could be bounded by the same sum deprived of the
term |k'|/ko, which we instead prefer to leave, being > 1, to get a simpler
bound.

The remaining |k p|_1, corresponding to the branches with label 6, = 0 are
trivially bounded by ky ! And the factor 2*™ bounds the number of trees
with 2m + 1 branches.3

We find, therefore

|1k| < e ColEl/2ko Y7 Z (V0t1/2V71/2)mg()—(d+1)(m+1)Bm+124m (3.1.16)
- m=0

2 Because (1 — e~ ??)/a is bounded by both a~! and by b, for all a,b > 0.

3 We see immediately, in fact, that the number of trees with m branches is not larger than
the number of paths on the lattice of the positive integers with 2(m — 1) steps of size 1
(a number bounded by 22(m=1)): given a tree think of walking on its branches starting
from the root and always choosing the left branch if possible and otherwise coming
back until returning to the root (and, by construction, without ever running more than
twice on the same branch); we associate with each branch a step forward on the integers
lattice, or a step backwards when we could not proceed (choosing the branch on the
left) and had to come back. In our case a m—tree contains 2m + 1 branches.
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§3.1 Classical local theory 149

if &' B is a bound of 3_, %6’50‘5/2“ (recall that we are assuming &y <
1, for simplicity, c.f.r. the comment to (3.1.1)).

Hence t < Ty = v (16B V&5 1)~2 is the condition of convergence of the
series in (3.1.16). The theorem follows by selecting to = #¢/4, hence such
that the sum on n is bounded by 2, and Vy = B V&, 971

At the end one can redefine the numerical constants so that the bound
(3.1.3) can be expressed in terms of a single numerical constant By.

Remarks: If we define the operator (—A)*, with « real , as the operator that
multiplies by |k|?® the Fourier transform harmonic of mode k of a function
in L2(92), then we note that if the friction term v Du in (3.1.2) is replaced
by —v(—A)* with a > 0 the proposition remains valid, with some obvious
modifications. The main point of the proof is indeed the bound (3.1.14)
that can be replaced by

VB |

V‘EP&

e < 15 (v]E|2)~(1=2) (3.1.17)

and the argument can be adapted provided one can choose € > 0 such that
2(1 —e)a > 1, d.e. if « > 1/2. This restriction is indeed necessary because
only in this way we can to eliminate from the bounds the factors |k | due to
the final branches with label §, = 1, that cannot be otherwise dominated.

Hence in a certain sense the friction term in the NS equations is “larger than
needed’, at least for the purpose of being able to guarantee that analytic
initial data generate an analytically regular motion, at least for a short
enough time: this is the case not only for the “normal viscosity” (friction
term vAw) but also for the ipoviscous NS with friction term —v|A|® provided
o > 1 and (of course) for the hyperviscous NS with a > 1.

Concerning the incompressible Euler equation, where v = 0, the method
now illustrated does not lead to conclusions, since we cannot show con-
vergence of the sreis. A local theory of the Euler equation is nevertheless
possible (and classical) and we shall illustrate it in the following problems.

Problems. Classical local theory for the Euler and Navier—Stokes equations
with periodic conditions.

Below we suppose that €2 is a cube with side L and with opposite sides identified: this
is done for the sake of simplicity as most of the statements hold also in the case of a
boundary condition of the type u-n = 0 at a point where the external normal is n.

[8.1.1]): (Cauchy’s estimate) If z — f(z) is analytic and periodic on the torus [0, L]%,
then there is a £ > 0 and a holomorphic function F' of d complex variables that extends
the function f to a vicinity of [0, L]% in C¢ consisting in the points z such that |[Imz;| < €.
Furthermore if |F| < @ for |Im z;| < & the Fourier transform of f verifies |fi| < ® e ¢l
where |k| is defined as |k| = ZZ |k;]. Find the connection between this result and the
theory of the Laurent series. (Idea: Study first the case d = 1. Write the transform fj
as an integral on the torus, applying the definition, and “deform the integration path”
to the lines Imz; = +&o, with § < &, depending on the sign of k; (i.e. use the Cauchy
theorem on holomorphic functions). The connection with the theory of the Laurent series
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150 §3.1 Classical local theory

is made by thinking of the formula giving the Fourier transform as an integral over the
variables (; = €*%J).

[8.1.2]: (generalized energy identity) Show that if u is a C°°(Q2) velocity field then

> / Oy HMu - Quydz = Y > / (0) - (%) - (9™ %u) da
Q Q

|m|=m |m|=m a<m
la|>0

i.e. the term a = 0 is missing because of a cancellation. (Idea: The term with a =0 is a
sum of terms like fy~ (u-Q)wdz = %fg - 9 w? dz with w suitable and this quantity

vanishes (integrate by parts, as usual)).

[3.1.3]: Let u € C*°(Q) and |a| < m — d/2 (with |a| = > |as| for a = (a1,...,aq))
then, by [2.2.22], [0%u(z)| < I‘L*E'Hgﬂwm(g). Deduce that, if m > d+1

|L2m=dtt N /,ﬂg@ﬂ(y duwdz| <Tillull}y, o m>d+1
Q

|m[=m

with I'; a suitable constant. (Idea: Apply [3.1.1] and the Schwartz inequality to each
addend, thereby reducing to estimating N = ||§%u -Naém_ﬁy|\L2(Q) with |a| > 1. Note

that if |a| < m — d/2 then the estimate of [2.2.22] implies: Llal|d2u(z)| < Collullw,, )
allowing us to estimate from above the first of the two factors in the N if instead
la] >m —d/2 then [m —al|+1=m—|a|+1< ngl henceifm>d+1£(%+1)+%

(hence [m —al+1<m— %) we find, always because of [2.2.22], that

Lm=1aD+D|95m =2y (z)| < Ts|lullw,, (o)

since |a| > 1: which allows us to get an upper bound on the second factor in N).

%.1.4]: (bounds uniform in the regularization parameter for Euler flows) Show that if
u”Y is a solution of the regularized Euler equations, with vanishing or just conservative
external volume force, obtained by an “ultraviolet cut—off” (in the sense of §2.2) at
|k] < N one has, if m >d+1

1d
5£|‘HNH€\/”L(Q) < GM||2N||?/Vm(Q)

with G, independent from N. (Idea: This follows from [3.1.3] by differentiating m times
the Euler equation and by multiplying both sides by 0™, summing over m with |[m| < m
and integrating over z: one must remark that the truncation operations do not interfere
with the derivation of the conclusions of [3.1.3]. In the sense that the identity in [3.1.2]
remains valid if we replace u with u’Y = Pyu where Py is the orthogonal projection,
in L2(R2), on the subspace generated by the plane waves of momentum |k|] < N and

if, furthermore, (523) . @5m_9y) is replaced by PN((éﬁgN) . (@5&_9@]\7)): this is

immediately checked through the properties of the scalar product in Lo and of the Fourier
transform).

[3.1.5]: (uniform smoothness of regularized Euler flows) Show that if u® € C° then
given m > d + 1 it is, setting Wy, = Wy, ()

0
W Ol < ]I

—— 0<t<T
G|y, t "
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§3.1 Classical local theory 151

with Ty = (Gm||u®||lw,,) " and if u” is the solution of the regularized equation with
cut—off at |k| < N and initial datum u° (truncated with the same cut—off).

[8.1.6]: (uniqueness for smooth Euler flows) (Graffi) Show that the Euler equation does
not admit more than one solution continuous in z, t, with first derivatives with respect to
z and t continuous and bounded in the z variables and in every finite time interval [0, T,
and verifying the same initial datum. (Idea: If u! and u? are two solutions § = Uy — Uy

and D(t) is the integral of 62 on Q it is

iD(t)E*/é-(é-le)dzf/é-@z-@)édzéU/fdz:UD(t)
dt Q o

Q

because the second term in the intermediate step vanishes because of the usual reasons, if
U = max |0 u,| and if D(t) is defined by the first identity and therefore D(t) < D(0)e2U*,

t € [0,T], so that if D(0) = 0 it is D(¢) = 0).

[8.1.7]:  (local existence and smoothness for Euler flows) Show, in the context of [3.1.5],
that if 0 is in C°°(Q) then limpy _ o0 u™N (1), t € [0, T] exists and it is a C™ solution of
Euler equation for T' < T}, 4 14472, with Ty, defined in [3.1.5], for each m > 1+d/2. (Idea:

N.

Consider a subsequence u''i uniformly convergent together with its first derivatives.

Note there is a uniform estimate of the derivatives up to order k < m — d/2 i.e., since

m — d/2 > 1, certainly for k = 0,1; hence the sequences of both u™ and QgN are

equibounded and equicontinuous so that the Ascoli—Arzela theorem applies. Note also
that the limit of the subsequence is a solution of the Euler equation bounded, and with
bounded derivatives, in z and ¢ (continuity in ¢ follows from the uniform continuity of
the u?Y in ¢ due to the estimate of the time derivative that one sees from the fact that
the uN verify the truncated equation). By [3.1.6] there is only one such solution: hence
all subsequences must have the same limit.)

[3.1.8]: (local continuity with respect to initial data in Euler flows) Let ug, uj, € C*°(Q)
be two initial data for solutions considered in [3.1.7] and suppose that [|ugllw,_,,

[lupllwy,, < R, for a fixed h > d + 1; then [[ullw, < 2[lygllw,, [1W/[lw, < 2llugllw,
and 1
[lw —u'llw, < An1(B)llyg —upllw,, 0<t< ——— =71(R)
) 0~ Yollw, 2GniR

with Gy, introduced in [3.1.4] and A (R) suitable. (Idea: Let § = u — v’ and note that
if |m| < h: hence

1d
S8 (me)2dr=— [ omsom(5 - dutu - 90)da
2dt Q o ~ ~ =
2
< CwRIdlY,, h>d+1

because if the cancellation in [3.1.2], i.e. because 8lmI+1§ never appears, and because
of the argument in [3.1.3]: then A\p41(R) = exp(R Zlmlﬁh L?m=4C, 7, (R)), indepen-
dently of R.)

[8.1.9]: (local error estimate for regularized approzimations Euler flows) Likewise show
that the solution in [3.1.7] enjoys the property

C~Vp/\h+1

N N
llu— ™ llw, < Ansallug —ug' llw, + S7=57 1ol

with C'p suitable and p > 2d. Check that this implies the possibility of a constructive
algorithm? to approximate the Euler equations solution in the sense of the distance in

4 By “constructive” algorithm we mean an algorithm that produces an approximation of
the solution within an a priori fixed error € via a coomputer program that ends in a
time that can be a priori estimated in terms of e.
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the space W}, valid for times t < 744p, with 7, defined in [3.1.8] and p > 2d. (Idea:
Write the equations for u and uN keeping in mind that 4~ = —u™ - guv + (uN QulN >N

where f>¥ denotes the part of f obtained as sum of the harmonics of f with |k| > N.
Estimate this “ultraviolet part” by using the result of [3.1.4] (subtracting the equations
for u and u) obtaining an inequality similar to the one in the hint for [3.1.8] with an
additional term).

[8.1.10]: (summary of classical local results for Euler flows) The results of the above
problems can be summarized by saying that, given h > d + 1 and ug,u;, € C®(Q),
[lugllwy 415 llupllw, ., < R there is a local solution of the Euler equation, defined for
0 <t < 7, (R) and such that in this time interval

(1) llullw, <2R
2 u—ullw, < ngrlleg — uollw,
CpA
N N pAR+1 2
(3) llu — ™ lwy, < Ansrllug —ug HWhJFWHEOHWHP

Since in (3) Hy0||‘2,vh+p, with p > 2d, appears rather than HHO”‘%V;L we see that the

approximation error on u by u’¥ has not been estimated “constructively” on the whole
time interval [0, 7, (R)] along which one can guarantee a priori existence of a solution
in W}, and bounded in terms of known quantities: rather it is estimated in the shorter
interval [0,7,4,(R)]. Note that, on the basis of what said so far, this would not be
possible even if we knew an a priori estimate of the size ||u||w, , with k arbitrary, in
terms of the properties of u, only. It seems that, for a constructive estimate, bounds
on HQNHWIC in terms of u, only are also needed. Show that, indeed, if such bounds
existed then a constructive algorithm would be possible, valid for all times for which
the considered bounds on of w and u, hold. The relevance of this comment is that it
points out that although by abstract arguments we can show existence and even some
a priori bound on ||u||w, , in terms of ¢ and u,, nevertheless a constructive estimate for

4™ is not known.

The following problems are devoted to deriving a priori estimates on the solution u of
the Euler equations in d = 2 that shows existence, uniqueness and regularity as well as
a priori estimates of the size of ||u||lw, , valid at all times and dependent on u, only,
provided we accept the sinister axiom of choice (whose use we strongly disrecommend).
The constructive part of the theory (as also the rest if the axiom of choice is accepted) is
due to Wolibner, Judovic and Kato, c.f.r. [Ka67]. In what follows Q is chosen Q = [0, L]?
with periodic boundary conditions; furthermore, for simplicity, we suppose g = 0. Finally
we shall consider the Euler equation in an arbitrarily prefized time interval, [0,T]. Given
a function f(z) on Q or an f(z,t) on Q x [0,T] we shall say that it is of of class CM(Q)
or CMk(Q x [0,T)) if it has h continuous derivatives in z and k continuous derivatives
in t; we shall say that it if of class C™ (2 x [0,T)) if it has h continuous derivatives in z
ort. We shall set

7l =) maxrlel |5 ()]

0<|a|<h ™
= LlalT8 16268 f(z,t
[1£11n. & ; g 0507 £ (z, 1)
0<|a|<h

0<B<k

[8.1.11]: (Euler flows as vorticity transport in 2—-dimensions) If w(z,t) = rotu(z,t) €
C then w(z,t) is a scalar unction with zero average for each t. Show the equivalence
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between the solutions of the Euler equations in C°° (€2 x [0,T1]) in the form of the (3.1.2)
with v = 0,g = 0 and the same equations in the form (2.3.3) v,y = 0:

dw+u-dw=0, u=-9"A"'w

/ w(z,t)dz =0, w(z,0) = wo(z)
Q

where wp = rotu,. Show that the condition fg wdz = 0 is necessary in order that

A~lw be meaningful. (Idea: The rotation w of a C* solution of the Euler equations
satisfies the above equations, as noted in §1.7. For the converse the only delicate point
is checking existence of the pressure p from the remark that the first equation can be

rewritten as rot (Oqu + u - du) = 0 as 9 - u = 0, because the torus Q is not simply

connected. Note that the vanishing of the rotor implies that the circulations of the
vector field w = dyu + u - Ju along the torus cycles: Ci(y) = {(z,y); y = cost} e

Ca(z) = {(z,y); © = cost}, defined by I1(y) = fcl(y)g -dl and Iz(x) = fcz(z)ﬂ -dl,
are independent from x and y respectively hence are equal to their averages over these
coordinates, i.e. I = (I1,12) = L™! fn(a@ + u - Qu) dz which we can see to vanish, as a

consequence of fQ udz = 0).

[8.1.12]: (ezistence of current lines for a smooth voricity field) Consider the space
Mo C C°° defined by the

(1) ¢ec=@x[o,1]), 3) /C(z,t)dzzo
Q
(4)

2 <¢(z,0) =wo(z), max ]|C(Lt)|§\|w0||0

(z,t)eQrx[0,T

Show that the vector field v¢ (z,t) = —9+A~1¢(z, t) is of class C>°(Q x [0,T]). And that
the equations for the “current” that as the time s varies passes at time s = t through the
point z

dsUs ,(2) = o8(US (), 5),  Uf,(@) ==z

admit a global solution of class C* in z € Q, s,t € [0,T]. (Idea: The solution is global
because €2 has no boundary).

[8.1.13]: (the vorticity map) Check that the preceding problem implies that the follow-
ing operator R, “vorticity map” is well defined on Mg

R¢(2,1) = wo(U§,,(x))

and that RMgp C My. (Idea: One has to check only property (3): note that the field
¢ has zero divergence, hence the transformation Ug +(z) = 2’ conserves the volume and

therefore fQ R¢(z,t)dz = fQ wo(z) dz).

[8.1.14]: (fized point interpretation of Euler flows) The existence of a point w € Mg
which is a fixed point for R implies that w satisfies the Euler equation. Hence we can
write the latter equation as w = Rw. (Idea: Note that Euler equation says that vorticity
is transported by the current hence at time ¢ it has in z the value that at time 0 it had
in the point 2’ that is transported by the current to z in time t: i.e. just U§,(z)).

[8.1.15]: (continuous dependence of the velocity field from the vorticity field) Show that
the field v¢ = —9+A~1(, see [3.1.12], verifies the following properties

[vé (z, t) — 8 (2, t)|
(L=Yz — z'|)logy (L|z — z'|~1)

[0S (z,t)]lo < CoLl[¢]lo, < CoL|[¢llo

2/ febbraio/2007; 19:36



154 §3.1 Classical local theory

where log, z = log(e + z) (here log, can obviously be replaced by any function of z
continuous, positive, increasing and asymptotic to log z for z — o00). (Idea: Note that

v¢ = =9+ A~1(¢ and the operator A~ can be computed as an integral operator starting
from the Green function of the Laplacian,, i.e. % log \g—g\*l, by the method of images,

c.f.r. [2.3.12]. One gets formulae containing series, over a label n with integer components
(sums over the images of §2), that are not absolutely convergent

dy x—y-i—nL)J- .

but the hypothesis that ¢ has zero average allows us to rewrite them as sums of absolutely
convergent series and this reduces the problem to that of showing the validity term by
term of the estimates (i.e. for each integer vector n). The sum over all the n with |n| > 2
can be trivially bounded and the case that one really has to understand is the case n = 0.
The latter is also easy for what concerns the first estimate. The n = 0 contribution to
the second estimate is obtained by writing the difference between the two integrals for
v¢(z,t) and v¢(z’,t) as an integral over Q of the difference of the integrands. The integral
over 2 can then be decomposed into the integral over the sphere of radius 2r = 2|z — z’|
and center in z and in the integral on the complement. The first integral is estimated
by introducing the modulus under the integral and bounding separately the two terms:
it yields a result proportional to 7||¢||o while the second integral will be bounded by
Lagrange mean value theorem by estimating the difference K(z —y) — K(z' — y) a
r|y| =2, because now |y — z| and |y — 2’| can be bounded by a constant times |y| since y
is “far” from both x and z’, and the integral over the complement of the small sphere is
bounded by L~1r log L+, leading to the second inequality).

[8.1.16]: (continuous dependence of the flow lines from the vorticity field) There exists

d
Co such that, defining My = ||w||o and ¢ S e=CoMo T fop > 0, then the currents

generated by the two fields yg,yg/ with ¢,¢’ € Mg are such that for all z € Q and
s,t €[0,T]

’ _ 1\ O
US () — US,(2)] < CoMoT (|I¢—¢lloMg ") L
Hence the R can be thought of as defined on the closure Mo of Mg with respect to the

metric of the uniform convergence and it can be extended to all continuous vector fields ,
without any differentiability property, verifying the (2),(3),(4) of problem [3.1.11]. (Idea:

Setting ps = L’l(USC’t(g) —Ug:t (z)), note that p¢ = 0; furthermore from problem [3.1.15],
by subtracting and adding yC(Ugt (z), s), there exist constants C1, Ca, Co:

10aps| = 1L oS (US (@), ) — o8 (US, (@), )| < C1lpsllogy |ps| ™'+
+ Lo U (@), ) — 28 (US (@), 9)] <
< Cilps|logy lps| ™! + Call¢ = ¢'llo <
< Co(lpsllog lps| ™" +11¢ = ¢'llo)

Since 0 < s < T, by integration it follows that |ps| < R if R is

R d
/ d — = CoMoyT
o plogyp=t +11¢ = {oM

which means that R can be taken R < K(MoT)(||¢ — (’||M(;1)5 with K (MoT) a contin-
uous increasing function and § = exp —MoCoT).
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[8.1.17]: (Hélder continuity of the flow lines) Show that the current lines verify

US () — US, ()|
’ 2 < F(MyT)L
Tz =2+ @ Vs~ o) + @ 1=y = - M)

where F' is an increasing continuous function of its argument; Mo = ||(||o. (Idea: Set
ps = L*I(Uit(g) - Ugyt(g’)), by the inequality in [3.1.15], one finds

0sps| < CoMolps|logy [ps| ™', pr=z—a
hence |ps| < R, where R is such that
R
dp -1 NS
2 _MycoT = R<(LYz— ') F(MoT)
L—1|z—g| P1OB4 P

where F” is a suitable continuous increasing function and § is as in the preceding problem.
Moreover note that, by the first of the inequalities in [3.1.15]: L—! |U§t(§’) — Ug/ (&) =

|L—1 fss yc(Ugyt(g’)) do| < CoMyls — s'|. Finally if z/ = US,(z') then

t,t!

LillUSC/,t(El) - U§/7t/(£l)|

LS @) - US, @) < (L7 e —2”|)° F'(MoT)

’
by what already seen. But |z’ — 2’| = \f: y<(U§ (&), 0)do| < LMoColt — t'| and the
conclusion follows).

[3.1.18]: (the worticity map regularizes) Show that the R transforms My into the
subspace ﬂg of the continuous functions verifying (2),(3),(4) of [3.1.12] and the

‘C(@a t) - C(Elvt,” 1
_ < MoF"(MoT !
1lls = om0y Tz — 2P T (T e = o (MeT) ()

for a suitable function F”’. Hence the continuous transformation R transforms the convex
set MO into itself; furthermore such set is, as usually said, “compact” in the uniform
convergence topology because it consists in a set of equicontinuous equibounded functions
(Ascoli-Arzeld theorem) hence by using the sad axiom of choice (and its consequence

expressed by the Schauder fixed point) we infer the existence of a field w € Mg such
that w = Rw. (Idea: All follows from the form of R, from the regularity of wo and
from the inequality in [3.1.17]. Furthermore the space of the functions that verify the
inequality (*) is closed in the uniform convergence topology).

[8.1.19] (extension of the regularization property of the vorticity map to higher order
derivatives) The result of [3.1.17] can be generalized, with some patience. If we define
for0<v <1

I ey = £l + sup
(z,t)€Qx[0,T]

Z LIelTB |85 f(x,t) — 0507 (2!, 1)
L=Yz —z'|)Y + (Tt — t'|)
P G et VA e Uk )

then, if y +6 < 1
IRC ktv+6 < FrllCl k4

and if y4+8 > 1 then: ||R(||k+1 < Fgl|[¢||x+~, where F}, are suitable constants depending
only from wp and through its first k + 1 derivatives. In other words R “regularizes”,
transforming C* into Ck+7.
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[3.1.20] (global ezistence and smoothness theorem for Euler flows (Wolibner, Yudovitch,
Kato) Show that the problem [3.1.19] implies that w, the fixed point of R in Mo, is C*;
and its derivatives can be bounded to order k in terms of the derivatives of order < k—d+1
of the function wg. (Idea: R “regularizes” hence Rw is more regular than w; but it is
equal to w so that w is C°).

[8.1.21] Check that, sadly enough, all what has been said above is, sadly, not sufficient
to allow us to write a computation program that produces as a result the w within a
prefixed approximation & in the metric of C*, for any k (k = 0 included). Meditate
on the event (or disaster) and if possible find a solution: unlike what is often stated,
or unless the estimates of this section are substantially improved, the problem of global
existence of solutions of the Euler equation is completely open even in 2 dimensions at
least if one demands the “constructivity” of the method employed.

Bibliography: The global existence, smoothness and uniqueness theory
for Euler flows in 2 dimensions is taken from [Ka67] and is due to Wolibner,
Judovitch and Kato.

83.2 Weak global existence theorems for NS. Autoregularization,
existence, regularity and uniqueness for d = 2

We shall consider an incompressible fluid enclosed in a cubic region Q C R
with side L, with periodic boundary conditions and subject (for simplicity)
to a time independent or quasi periodic volume force g of class C*(Q)
exercising a vanishing total force on the fluid ([, gd¢ = 0).

In this case the center of mass of the fluid moves with rectilinear uniform
motion. Calling v = f udé/L? the baricenter velocity, one can write the
Navier—Stokes equations in the frame which “rotates” on the torus Q uni-

formly with velocity v. The galileian coordinate transformation is:

fl = E - Qtv Ql(gla t) = Q(fl + yta t) -9
7y o / Y _ (3'2'1)
P&, t) = p(& + vt ), g'(&t) = g(E+ut,t)
so that one sees that u’ verifies in € the equations
W4 (u-0)u=—-9p+vAu+yg
(3.2.2)

9-u=0, /gdfzg
Q

where units are so chosen that density is p = 1.

Thus if, as we shall always suppose, [ gd& = 0 it is not restrictive to assume
that v = 0 provided we suppose that g is quasi periodic in ¢; in fact the
function g(¢ + wvt,t) is quasi periodic in t even if g is time independent,
because of its periodicity in &. a

Condition 9 - u = 0 can be regarded as a constraint and we can eliminate
it by choosing, as already seen several times (e.g. c.f.r. §2.2), suitable co-
ordinates to represent u. More precisely we shall take as coordinates the
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coefficients 7 of its Fourier transform that we define, with the conventions
of (2.2.2), as

u(é,t) = Zlﬁ(t)e@f, YV =Ty

k#0

v, k=0 (3.2.3)

where k # 0 expresses the relation f udé = 0 (momentum conservation),
Y, = 7_, expresses that wu is real valued and the condition Yy k=0is
equivalent to 0 - u = 0. Here, by our periodicity assumption on the sides

of €, the vector k is a vector with components that are integer multiples of

ko def 2L~ and, therefore, |k| > ko because k # 0; the latter property will

be often used in what follows. Consistently with (2.2.2) we shall denote:

|\f||§=/ﬂ\f@)l2d§, and ||f|3 =Y _If(B)I> — [I£115 = L1113
k

(3.2.4)
so that the 7, are “proper” Lagrangian coordinates, which can be freely
assigned, without further constraints, as discussed in §2.2.

Assuming p,u € C°°(Q) and substituting in (2.2.13) one sees that the
NS equation becomes the (2.2.10). To recall the notations of §2.2 (c.f.r.
(2.2.7)%(2.2.11)) let v, =7 , and k-7, = 0 and let Il be the orthogonal

projection, in R%, on the plane orthogonal to k and let H}l be the orthogonal
projection, in R?, on k:
k-w w-k

(Hpw); = w; — ks o L=

E+Tpw=0)w+Iw (3.25)

Set ¢, =4 g g, and define ¢ so that it is g, = —ik{x + ¢, ; then (2.2.10)
can be written: B B

. . def
Y :_E%lk -t Z Tk, '52H51k2 +o, =
B T kytky=k N -
def 12
= —Evy +Ne() + o, (3.2.6)
1
== Y (g k), B+t
%k tk,=k -

It will be very useful to realize that the nonlinear term Ni(v) in (8.2.6) is
meaningful as soon as ||u||3 is finite: for instance if |[u||3 is bounded by a
constant Ey, for all ¢. In fact, one has

INe()| < [E] 17113 (3.2.7)
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as it can be seen (from the first sum in (3.2.6)) by remarking that v, -k, =
7,k (because ky = k — ky and k, Y, = 0) and, thence, by z;pplying
Schwartz’ inequality to the sum ZEI’ in (3.2.6), keeping ky = k — k;.

Remark: An important property of Ny(y) has appeared in the proof of
(3.2.7): it is related to the orthogonality of k to 7, , which allowed us to

write two equivalent expressions for N:

Ne) =—i > (ko) Tey, =—i D> (1, k) Ty, (3:28)
kythy=k - Eytk,=k .

showing that the factors k, and k can be interchanged in this relation: a

property that will be used several times in the following.

Therefore the problem consists in solving the first of the equations (3.2.6)

subject to the conditions 7, =% , and to the initial condition ~, (0) = 12

(the second equation in (356) should be regarded just as being the defini-
tion of p, as already noted in §2.2, c.f.r. (2.2.10)). Such initial condition is
automatically imposed if one writes the equations as:

'[EE(T)’i > lﬁl(T)"ﬁZHElgz(T)] dr
ky Hey =k

t
7, (1) =eEy, (0) + / e V(=)
0 (3.2.9)

(c.for. (2.2.11)). Let us, therefore, set

1 Definition: (weak solutions of NS and Euler equations) We shall say
that t — u(&,t) is a weak solution of the NS equations, (3.2.2), with initial
datum u® (&) € Lo(Q) if there exists Eg > 0 such that:

(i) for each t > 0 it is: ||u||3 < Eo,

(i) the functions t — v, (t) are continuous in t and verify (3.2.9).

(iii) the above makes sense even if v = 0, i.e. setting v = 0 and requiring
properties (i), (ii) one gets the definition of weak solution for the Euler
equations.

Remarks: We shall see that weak solutions with initial datum u® € Ly(Q)
always exist: however, in general, there might be many weak solutions with
the same initial data: the proof of existence is in fact non constructive.

(1) If u is a weak solution then (3.2.9), (3.2.7) imply that v, is differen-

tiable almost everywhere® in ¢, and that the derivatives verify the first of

1 This is the “Torricelli-Barrow” theorem: note that continuity of zk(t) in t for each k

does not necessarily imply continuity in ¢ of Ny (1) so that the “almost everywhere” is
here necessary and expresses an important aspect of our lack of understanding on NS.
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the (3.2.6). Furthermore lk(t) is the integral of its derivative or, as one

says, it is absolutely continuous.

(2) Most of what follows will concern weak solutions with initial datum
u® € C*(Q). One might be interested in studying solutions in which the
initial datum u° is less regular than C°°: many results can be easily ex-
tended to the case in which the initial datum is such that Ju’ € Lo(2)

(i.e., with the notations of problem [2.2.20] of §2.2, u° € W'(Q)) or even
just such that u® € Lo(9). It will simply suffice, as we shall point out
whenever appropriate, to follow the analysis under this sole assumption.
However one should note that the very derivation of the fluid mechanics
equations (c.f.r. §1.1) assumes reqularity of the velocity field so that non
smooth initial data are of little physical interest or, to say the least, require
a physical discussion of their meaning.

(3) However we shall see that only if d = 2 the initial regularity of the
solution can be proved to be maintained at positive times. In fact in such
case we shall see that even if the initial datum is only in Lo(Q2) there will
be weak solutions that immediately become “regularized”: becoming C'*° at
any positive time, and even analytic as a recent theorem shows (see below).
(4) Solutions may a priori exist that, starting from a smooth initial datum,
evolve at a later time into singular ones, i.e. become non smooth (meaning
that they do not have a well defined derivative, of some order). Such solu-
tions can have an interesting physical significance. For instance they might
signal cases in which the model of a continuum, based on smoothness of its
motion, becomes self contradictory and therefore it should no longer be con-
sidered valid: the motion should be considered in a less phenomenological
way (with respect to the theory of §1.1), ultimately possibly reverting to a
model based on the microscopic structure of the fluid.

(5) A consequence of the uniform bound assumed on ||y||2 and of (3.2.7) is
that any weak solution will verify, for all tg > 0 B

2
ZE@)=:6_”E(t_m)1E@o}+

_|_/ equ2(t7T) [@&(7) —i Z Vi, (7.) .5;2 Hklﬁz (7_):| dr (3210)

t —L
0 kythy=k
Ik [<o0

which we call the “self-consistence property’ of the above weak solutions:
i.e. the solution, ¢ — v(t), regarded as a function defined in [to, 00) is still
a solution of the NS equation with initial datum ~(to).?

To prove existence of weak solutions with initial data in u® € C*° we
replace (3.2.6) with a “regularized’ equation parameterized by a “cut—off”

2 Since we do not know, in general, uniqueness this property requires checking (immediate
in this case). This follows from (3.2.9) , the additivity of the integrals and the conitnuity
of lk(t) for each k.
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parameter that we shall call R:

ikR ——z/k2 Z (l’kl Ez)Hﬁlz T =
k@.fé%k (3.2.11)
v+ NEQ®) + ¢, . kISR

where lkR(t) défO for |k| > R and lkR(O) déflg for |k| < R. Note that, as
in the case of (3.2.7), it is [NF'(y")| < |kl [|7*|3 independently of R. Then
we begin by showing the following proposition about properties of (3.2.11)
which are independent of the value of the regularization parameter R:

I. Proposition (a priori bounds on solutions of regularized NS equations):
Suppose u® € C> (),

(i) equation (3.2.11) admits a solution, global for t > 0, with initial datum
"yz, |k| < R, and such solution verifies the a priori estimate:

_ 1/2 \|90||2 def
Y@ = (Z@@z) < max (|[7°] 2, e )= VEL=d  (3.2.12)
k
for allt > 0, R > 0, where Ey is defined by (3.2.12); hence if ¢ = 0 it is

Eo = ||W0)|3, c.fir. (3.2.4).
(i) Furthermore:

1
/ dr Zk%k §§ oL~ + TV E L~ Y|l (3.2.13)

0

for allT >0 and R > 0.

proof: equation (3.2.11) is an ordinary differential equation and it it is
enough to multiply (3.2.11) by 7, =~ , and to sum over |k| < R to find,

if (f,h) denotes the usual scalar product in Ly(2) of the fields f, h,

1d ) R
sl B=—v >0 EhiP+(ea™ i Y a kg ol
|EI<R ky+ky+ks=0 o
1 R

= Y KPP e -5 Dk BatEy)yy oy =
|EI<R B kg +ky+k, =0 -

= v ) KP4 e (3.2.14)
|kl<rR

having used, in the second step, the symmetry between the summation
labels ky and k5 and, in the third step, the property that k, + k5 is parallel
to ky while v, is, instead, orthogonal to k;.

-
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It follows that the right hand side is < 0if >, |11€R|2 > EgL~% therefore
equation (3.2.12) holds. Moreover by integrating (?:2.14) we get:

1 t
SN - 17O < v [ 3 W0l ar+ [ llglallyadr

|k|<R
(3.2.15)
which implies:

1
/ > EhiPdr < 5L*dEOzfl + tv | pllo vV Eo L4 (3.2.16)

0 k<R

As a corollary, always assuming that u® € C>°(Q), we get

II. Corollary (global existence of weak solutions for the NS equations):
Consider the regularized equation (3.2.11); then:

(i) the functions lkR(t) are bounded by \/EoL~% and have first derivative

with respect to t that can be bounded above by vk*\/EoL—% + |k|Eo L= +
l[oll2. Hence there is a sequence R; — oo such that the limits 'ylfj (t) —
V2 (t) exist, for all k, uniformly in every bounded interval inside t > 0.

Each such y*°(t) will be called a weak limit, as R — oo, of v7(t).
(ii) Every weak limit v>° verifies, for allt >0

7>z < vV Eo L™
3.2.17
/ dr Zk2|7k < EL W+t Eo L4 |gl) ( )

It also verifies (3.2.9): therefore it will be a weak solution.

proof: Boundedness of ¥, () immediately follows from (3.2.11) and from
the successive remark; hence properties (i) and (ii) follow. Property (iii) is
slightly more delicate to check; rewriting (3.2.11) for |k| < R as:

At = e 0+

t
+/ ek (t=7) [%(7)_. 2 (7) kg T (Tﬂ 4 (3218
0 . k.

the problem is to take the limit under the integral sign in (3.2.18). Given
that the first a priori bound in (3.2.17) guarantees the absolute convergence
of the series obtained by taking the term by term limits, the passage to the
limit will be possible if we shall show that the series in (3.2.18) is uniformly
convergent for R — oo (i.e. the remainder of its partial sum of order N
approaches 0 uniformly in R as N — 00).
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Fix N > 0 and recall (3.2.8) and the remark in (3.2.13): note that if |k, | or
|ky| are > N/2 then |k;| > N/2 and |ky| > ko = 2rL~! or viceversa, hence

/ > e ki) / Y e pRe] <

\kk\I\i TiN |k \+\k \>N
2|k| 2|k|
< 28 TS sl ()] Bl o ()1 < /Zm
kyt+k,=k
2|k| [ EoL~
< —(—F/—+- vV EqL—4 0 3.2.19
= Nko( 2 + V”fHQ 0 )NT> ( )

where the integrals are performed with respect to dr and we must under-
stand that lkR = 0if |k;| > Rorif |k;| = 0; in the first step of the second line

we multiply ‘and divide by |k;||ks| and bound from below the denominator
|k1| 7Y ko)™t by Nko/2; and, finally, the vector ks, in the first inequality, is
replaced by k using (3.2.8) obtaining (iii).

Remarks:

(1) Equations (3.2.9) have therefore a weak solution verifying (3.2.17) and
(3.2.10): hence, almost everywhere in ¢, the first of (3.2.6). Consequently,
the NS equations admit a weak solution, independently of the dimension
d > 2 of the space into which the fluid flows, for all initial data u® € C°°(£2)
(with 9-u® = 0). Such solution is consistent with itself in the sense (3.2.10).
(2) (Non smooth cases): However the same proof would work if we only
assumed that u® € Ly(Q)) (with 9 -u = 0 in the sense of distributions,
i.e. 72 -k = 0). We note also that the solutions discussed in the corollary

have finite total vorticity S(t) = 3", |k[?|7, (t)]? for almost all : by (3.2.17)

we do not even have to suppose that u’ € W1(Q) because (3.2.16) puts a
bound on the integral of the square of the W1(£2) norm of the solution which
only depends on the Ly, norm of u°. Thus the NS equations in dimension
d = 2,3 admit a weak solution for all initial data in Lo and such solution
has finite vorticity for almost all times.

The solutions that arise in the above corollary might be not unique and
it might be possible to exhibit other weak solutions by other methods. It
is therefore convenient to give them a special name to distinguish them
from weak solutions developed (later) by following other methods and which
might be different. Hence we set the following definition

2 Definition (C-weak solutions): A weak solution obtained through the
limits in (i) of corollary II with initial datum in u® € La(Q), i.e. from the
solutions of the cut—off regularized equations (3.2.11), will be called a “C-
weak soluion” of the NS equation.

We shall see that there could be weak solutions different from them, even
if u® € W(Q), c.f.r. below and §3.3.

2/ febbraio/2007; 19:36



§3.2 Autoregularization for NS. Existence (d = 2) 163

Equations (3.2.9) have other remarkable consequences. The most notable is
certainly the autoregularization theorem valid for all weak solutions, (hence
in particular for the C-weak solutions of definition 2

II1. Proposition (autoregularization): Let u(t) be a weak solution with
initial datum u® € C®. Given T > 0 suppose that, for some a > 0, there
exists a constant Co > 0 such that for all 0 <t < T it is supy |k|*|v, (V)] <

Co. Then if @ > d — 1 it will be Cs < 0o for all B> 0: hence u € C®(Q).

Remark: In other words v, is the Fourier transform of an infinitely smooth
solution the NS equation, if it is “just” the Fourier transform of a regular
enough solution. Note that if u € C°°(Q) is a weak solution considered
in corollary II then u is also C'*° in ¢ because the time derivatives can be
expressed in terms of the z—derivatives by differentiating suitably many
times the equations verified by 7, oru (i.e. the NS equations).

proof: Given (3.2.9) we can bound the nonlinear term:

1

NI S by [ E<CE R S <
T TR |y | Ko
ky+k,=k ky+k,=k
0 a<d/2

|k| C2 By| k|~ Co=D)  d/2<a<d
= |kl C2 Bo k|~ log k| a=d
k| C2 Bo |E| a>d

(3.2.20)

where all vectors k, k, are different from 0.
Since fot e VE T dr < 1/vk? then, if o > d/2 and if we take into account
(3.2.8), we find an estimate of f(f Ni(y(7)) dr as

t ) 2B k|~ a<d
[ar 30 ap hally et < Cofe Lo logly| o =d
0 =t T2 V|E‘ —a
ky+ky=k K| a>d
(3.2.21)
Suppose u® € C*(12), hence supy, |k|” |12|d§f C§ < oo for all § > 0, and
suppose |k|* |y, (t)| = Co < o0, for some o > d — 1. Then setting 7 =
min(o—d+1,1) > 0 we have, therefore, shown by (3.2.21) that there exists

Cl4y < 00 such that

o C!

a+n a+n
7, (8)] < s T g (3.2.22)

where the first term arises by bounding the first and second terms in (3.2.9)
le
by \jﬂ + % < C24, |E[~*7": hence the claim in the theorem follows (by

indefinitely repeating the argument gaining each time some extra decay in

).
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Remarks:

(1) It is important to note that if C,, is a constant such that |k|*° |1k| < Cyq,
and ap > d — 1, then not only it follows that |k|*[y, | < Cq for all o > ag

and suitable C,, but also that the constant C, can be explicitly bounded

in terms of C,, and of the quantities C9 relative to the initial datum and
the forcing (i.e. (|79 + ‘i%‘) |k|*, < C9) by a function of C,,,C? that we
shall call B, (ag,Ca,,C%). An explicit bound on B, can be easily derived
from (3.2.20) but we shall not need it now (c.f.r. the proof of proposition
IX below).

(2) Furthermore the bounds described above hold also for the cut—off
regularized equations with a cut—off parameter R < oo: this means that
IVE| || < Ca, and ag > d—1, imply |[vF(2)|[k|* < Ba(ap, Cag, C2) where
the function B coincides with that of the non regularized case. We shall
see that the last remarks will allow us to bound, in the case d = 2, the
difference between v and 7%,

(3) (Non smooth cases): In the above proof the assumption that u° € C>°

. def =0 :
has been used only to insure that sup |E\O‘|12\ et C,, < oco. We have in fact

shown a lot more in the above proof. Indeed the first term in (3.2.9) can be
alternatively bounded rather than by 62 4|k 7" (which could be oo if
we only assume that u® € Ly(Q)) by the quantity \/L*dEOe*”E% which is
certainly a finite bound, and a very good one, for ¢t > 0. This bound, under
the only assumption that u € Ly and |k|® 17, (H)] < Cq for some > d —1

(which is a non trivial assumption if d > 2, see below), implies

2y Cl ||
—d —vk?t a+n !
|1E(t)| Sme + kot VEQ
17, ()] kgL By maxgzo 2 e | Coyy + @ <
Lt = (kZv t)(atn)/2 |k|otn [kletn T UE2 <
1 Chin
S(l + (k(z)l/t)(a+n)/2) ||t (3.2.23)
a—+n
€y =Chy + KV ETEg maxa™ e 4 max 28]
a+n a+n 0 250 1/|E|2

Recursively this means, of course, that the solution will be C'*° for ¢ > 0:
even if the initial datum ° is just Ly and if, for some, o > d — 1 one has
the further (in general very nontrivial if d > 2, see below) information that
supy, [k|* |7, (t)] < oo. In this case the quantities sup, |k|® 7, ()] are < oo
for all § > 0 and they can be bounded by a ¢ dependent quantity which
diverges as t — 0 as an easily computable inverse power of ¢, c.f.r. (3.2.23).

The above regularization theorems are very useful in the two dimensional
case, d = 2: in such case in fact they imply the following theorem:
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IV. Proposition: (ezxistence and smoothness for NS in dimension 2) If
d = 2 the C-weak solutions® with datum u® € Ly(Q2) are velocity fields of

class C*° in z and t, for t > 0, and even for t > 0 when one supposes that

u® is of class C™ as well.

Furthermore if u® € W(Q) (i.e. such that du € Ly(Q), c.f.r. problem

[2.2.20]) and if one sets: F_1 = (Z&|<p&|2|&|2)1/2, one finds that the solu-
tions lfj(t) of (3.2.18) for R < oo wverify

(> Ikl2llf(t)\2) 77 < (3.2.24)

|E|<R

< max[(F_lflng), (ZEQM(O)IQ)W} def \/STO
k

where ko is the minimum value that |k| can take (i.e. ko = 2nL~1).

proof: Suppose first that u® € W(£2) so that Sy < co. Note that:

> N, (v g lksP =0, ifd=2 (3.2.25)
|y |<R

that can be proved by remarking that in this case:

k™t :
Y=y W= T B =(eh), k= (k)
B (3.2.26)
with 7, scalar and therefore:
ki - ky) (ky - k3)
k3 -k : _ (k) (g B3 ) 3.2.27
A% (1&1 ,\,2)(1&2 1E3) |E1| |E2| |E3| g 7&17E2’7E3 ( )

Summing over the permutations of &, ks, k5 and using Ef‘ ko = Ej‘ kg =
k3 -k, we find zero (see also (2.2.29), that imply the (3.2.25), for a rapid
and interesting way to reach this conclusion). Hence the same argument
used in connection with the above a priori estimate leads to:

dl 2| R|2 _ 4, R|2 2 R
dt2|k|Z<R Ikl |° = _”WZ@ Linleiy +§E Pr ), (3.2.28)

Hence one gets: S/2 < —vk3S + F VS ie. S/2 <0if S > Sy, with Sy
defined in (3.2.24), so that the inequality (3.2.24) follows.
Thus the weak solutions must verify:

S(t) =Y |kl (B < S0, Viz0 (3.2.29)
k

3 See definition 2 and the remarks preceding proposition IT1.

2/ febbraio/2007; 19:36



166 §3.2 Autoregularization for NS. Existence (d = 2)

and this implies, by Schwartz’ inequality:

INe @I <6l D7 Ty 1y | <

ky+ky=k ( )

ky| 1y, | ksl 7, | 3.2.30
< |k Uy 2 e 2%
k,+k,=k |E1| ‘E2| ]fo

because if k; + k;, = k then at least one among k; and k, has modulus
> |k|/2 (and both have modulus > kg, being non zero) and therefore we
can say that: |kq||ks| > ko |K|/2.

Hence, by (3.2.30),(3.2.9), and if [p, | < Galk[~*, we deduce:

2 G 25 2
R(p)| < e Kt R Go | 28 N
EOl e RO+ (5 + o)) 323

and we see as well that |12°(t) - 6_52”’51E\ < (Gov=' +2S0/ko)/|k|?, which
will be useful later.
Hence there is a constant C(t) such that |y, ()] < Cy(t)/|k?| with Cy(t) =

const (k3 + (vt)™') and we can apply the autoregularization theorem for
a>d—1 (asa=2andd—1=1) to the evolution considered for t > 0

(using the self-consistency property of corollary II).

Hence the solution (which we shall show, in proposition VI below, to be
unique) u®(z, t) is C* in z for each t, and each of its derivative is uniformly
bounded in time (in terms of the constants C,(tf) which as ¢ — 0 may
diverge if u® € W1(Q) but which stay finite if u® € C*°(Q)). It follows that,
by differentiating with respect to ¢ both sides of the equation (3.2.9), for
instance, that u in class C'**° in z,t, for ¢ > 0.

The case u® € Ly(Q) (when Sy could be oo) is immediately reduced to the
one just treated. Because the estimate (3.2.17) remains valid for the weak
solutions of corollary II even when the datum is just Lo and it imples that
u(t) € W(Q) for almost all times ¢t > 0: therefore it suffices to consider as
initial datum the value of the weak solution u(t) at such an instant and take
into account the self-consistence property of the weak solutions discussed in
corollary II, c.f.r. (3.2.10).

Remarks:

(1) Note that the derivation just discussed shows that (3.2.31) holds also
for lkR(t) if R < oo, a property that will be useful below, c.f.r. proposition
VII below.

(2) One concludes, from the autoregularization property with o = 2 and
d = 2, that initial data in C*° evolve into solutions of the Navier—Stokes
equation which are of class C* for ¢ > 0 and one concludes that also data
initially in Lo evolve into solutions that for ¢ > 0 are in C'"*°. Hence the
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analogy with the heat equation and with the Stokes equation (c.f.r. §9, (C))
is rather strong if d = 2. 4

A further autoregularization theorem wvalid for d > 2 and for all weak
solutions, becomes evident when one ponders the above proof and it is:

V. Proposition (finite vorticity implies smoothness in dimension d = 2,3)
Suppose that t — v, (t) verifies for t € [0,T] the (3.2.9) or (3.2.11) with

d < 3 and initial datum u® of class C™. Furthermore, given T > 0, suppose
that 3, |E|2\lk(t)\2 < Sy for 0 <t <T. Then for each a > 0 there ezists

a constant Cy, for which, it is: 17, (O] < Calk|™*: i.e. the w is in class C>

in x (hence it is C™ also int >0). See the following comment (4) for the
case in which u € La(2).

proof: clearly, by the assumptions, the result holds for « < 1 and C; = Sll 2,
From the expression of the inertial term Ng(v) in (3.2.9) we see that (by

replacing, as done often in the preceding pages, k, with k, before bounding
the left hand side term) (3.2.30) holds:

2
INe()] < el (3.2.32)

hence the integral in (3.2.21) is bounded by S;/(kovk®) and we see,
from (3.2.9) or (3.2.11), the existence of a constant C% for which |7k| <

ek "]+ C3lk|~2. Since u® € C* then it is |fyk| < Cs|k| =2 for a conve-
niently chosen constant Cy. But then, again

by | v, | Bl [, |
RACHESE DR AT E ﬁ; ] == <
ky+ky=k ky+hy=k SR

1/2 1 1/2 21/4B
<GS 2 gEgp) SOVSgmn

ki +k,=k ™

because the last sum is bounded by 2'/4(ko|k|)~/* times the square root
of (3(|ky|[ky])~3~1/9); and the latter quantity is bounded via Schwartz’s

inequality by B = 3", [k | ~(4=1/2): therefore, proceeding as above, we bound
again the integral in (3.2.21) and find |y, | < CQ+1/4\/51|@|7(2+1/4). But

2+41/4>d—1if d <3, and then the preceding general autoregularization
theorem applies.

Remarks: The above result is particularly interesting if d = 3 but it also
holds if d = 2.

4 Although we cannot now prove that data in La become analytic for ¢ > 0, but only that
they become C°°, however see propositions VIII and IX below.
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(1) Hence every weak solution of the Navier—Stokes equation with smooth
initial datum and total vorticity bounded in every finite time interval is in
class C*° for t > 0; and the maxima of its derivatives can be explicitly
bounded in terms of the initial data and of the vorticity estimate S;. This
happens, for instance, if d = 2: c.f.r. proposition IV.

(2) The difference between the cases d = 2 and d = 3 is that if d = 3 we
do not know how to control a priori the quantity |E|2|1]C (t)|?, i.e. we do

not know how to prove the existence of a quantity S; that bounds it; while
if d = 2 vorticity conservation guarantees such a property. For d = 2 this is
the contents of proposition IV.

(3) Note that the theorem holds for (3.2.9) and for (3.2.11) as well and with
the same bounds, independent of R.

(4) (non smooth case): Looking more closely at the above proof we realize
that it provides informations on the cases in which 7 is just in W' (i.e. the
quantity denoted S in the proof is initially ﬁnitej: in such cases (taking
advantage of the factor e=%*t that will multiply 7° making it rapidly de-
creasing in |k| for ¢ > 0) for each a > 0 the above proof shows that there
exists Co(t) for which we have: |y, (t)] < Ca(t)|k|™%, and Ca(t) can be
chosen continuous for T' > t > 0, i.e. excluding t = 0. Hence in d = 2,3
weak solutions with bounded vorticity are C*° for t > 0.

Concerning uniqueness we can prove the following proposition, which is
strengthened in the remarks following it

VI. Proposition (uniqueness of smooth solutions of NS): If d > 2 and if
1}6 and li are two (weak) solutions rapidly decreasing for |k| — oo, in the

sense that both are bounded in a given interval 0 < t < T by Culk|™ for
every k and for some a > d—1, then the two solutions coincide if they have
the same initial datum u® € C>(Q).

proof: By the autoregularization theorem we deduce that then |1;€| <

Co|k|~® for every a > 0 (and a suitable corresponding constant Cy,).
Their difference will verify, if we define A = |[y' —~?(|3 and Ay = || (v —

YA 13:

d1 1 2
**Aﬁ_VAl‘FZU}C_la Z |1E1 '1521_[&1;1% Ak, 'EznﬁliJ
Tt k k

dt 2 k
E1+E2:E
1 2
cn YR Y Al 2l kel
k B 7&1""&2:& B

2

Dol D 1k, BTy, — 7)) (3.2.34)
£ ktk—k o

and if we replace k, with k& and if we use the regularity property |1§€| <

Cy|k|~ with, for instance, « = 4 (note that under the present hypotheses
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this inequality holds for all a > 0) we find:

1. 1 2 1 2 Cy
A< +2y 0 >0 (Kl -3 (e — 23 D) Tl =
k kyth,=k =2
< A 9 L2 |1 212€ 1 5 2 2,01
<s—vAi+2) 0 >, (Pl P35 + ochy, — 2 P
k kyt+k,=k =2
(3.2.35)

having made use of the inequality |ab| < a?/(2¢) + €b?/2 (holding for each
e >0) and |k| > ko. Hence, if B =37, Cylk|~*

1.

iA(t) < —vA; +eBA; + Be A for every € > 0 (3.2.36)
and, by choosing ¢ so that e B = v, we deduce:

A<2B* A = A <A0)EBV (3.2.37)

so that A(0) = 0 implies A(t) =0, for ¢ > 0.

Remarks: The theorem can also be proved directly by noting that u‘(t)
must be C° by proposition V: hence they must coincide by a uniqueness
theorem that can be obtained along the lines followed in the case of the
Euler equation in problem [3.1.6]. The above proof is interesting because
it leads to the remarks that follow and because it suggests the proof of the
following proposition VII.

(1) (Non smooth cases): If we suppose that the two weak solutions cor-
respond to an initial datum u® € Ly(Q2) only and furthermore are such
that limy ¢ [|u’(t) — u°|]2 = 0,4 = 1,2 then we conclude from the above
proof that the two solutions coincide. In fact we shall take as initial
time a time ¢ty > 0 where the solutions have become C* (by proposi-
tion III): of course A(ty) might be # 0 and to prove uniqueness we still
need to check that A(tg) — 0 as tg — 0. This would be implied by
lim; o [|u’(t) —u®||2 =0,i=1,2.

However if u(t) is a weak solution with datum Lo it is not known whether
u(t) in general tends to u” in Ly as t — 0!

If instead u® € W(Q) and d = 2, from the relation |y, (t) — e’E2"tlg| <

(Gov™! + 2So/ko)/|E|?, c.f.r. the comment to (3.2.31), we deduce that
limy o ||u(t) — u°[|3 = 0 and therefore A(tg) — 0 as to — 0. Hence in d = 2
the weak solutions with datum in W*(§) are unique. And the only case, in
d = 2, in which weak solutions might be not unique is when u" € Lo () but
u’ ¢ WH(Q): a problem which to my knowledge is unsolved in this case.

(2) The argument used in the above proof allows us to find an explicit es-
timate of the error that is made on the solutions by truncating the Navier

Stokes equation. In fact the following theorem of spectral approzimability
holds:
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VII. Proposition (constructive approzimations errors estimate for NS so-
lutions in 2 dimensions): Suppose d = 2 and that u® is in class C*°; calling
ARg(t) the square of the Lo-norm of the difference between the solution of
the regularized equations with a regularization parameter R (see (3.2.11))
and the solution of class C* discussed in the previous proposition, it follows
that Ag(t) can be bounded for every integer ¢ > 0 by:

Ag(t) < V,eMtR™4 (3.2.38)

where Vy, M are suitable constants computable in terms of the initial datum
but which do not depend on the time t at which the solutions are considered
to be evaluated.

Remark: Equation (3.2.38) shows that the truncation method, often also
called spectral method, provides us with a truly constructive algorithm for
the solution of the bidimensional NS equations. Note that the error esti-
mate is exponentially increasing with the time ¢: this is a property that,
in general, one cannot expect to improve because, as usual in differential
equations, data that initially differ by little keep differing more and more
as time increases and diverge exponentially, even when they evolve with the
same differential equation (furthermore in our case, the truncated equation
describing v® is also somewhat different from the not truncated one). This
exponential divergence is well established on heuristic and experimental
grounds in the case of the NS equations at even moderately large Reynolds
number, c.f.r. the following Ch. 4,5,6,7.

proof: Suppose for simplicity that there is no external force: g = 0.
Equation (3.2.31) holds, as already noted, also for y*. Call then C5 the con-
stant bounding above |E\2|lk\7 and note that (3.2.31) shows that a possible
choice is: a

Cy=0CF + v Gy +2Sov k! (3.2.39)
where C) and G), are upper bounds of |E|p|12| and of |k[P|g, |, respectively,

for each k.
Let Cp, = B,(Cy, C’g, Gp) be the constant, independent of ¢, such that:

vl | < Colkl P (3.2.40)

which exists by the autoregularization theorem and is < oo for all p > 0;
and consider p > 4.
Then the equation verified by v — lR is, for |k| < R:

. . . R
B = dp = R — ) i Y (e Ea Ty, — g kM)
ki +k,=k

(3.2.41)
where 75_ =0if |k|; > R: clearly also for such large values of |k;| the v, is

in general not zero.
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Multiply scalarly both sides by ¥, — ij and summing over k, we find, with
the notations and the procedure followed for the (3.2.36), (3.2.37):

1d
~—Agp < —vAL +eBAL+

2.dt
+B€_1AR+§ 2y E Elly, v, | <
— Tkl? Al g, 1 =

Iky lor by >R

ﬁl‘*’ﬁgzﬁ
403 1 1
< 2. —1 P <
SBATAR+ oty (O ) O ) S
|k, |[>R k,
AC3K,

SBQV_lAR =+

TRy (3.2.42)

where Ag(t) = 35, |7, — 1@2 and Ap = 3, |k? v — 1@2; and K, esti-
mates the quantity (3, |k|~7)%. Hence:

_ t _ SC3K
2B%y7 1 2B%u = (t—T1) p P
AR(t) <e AR(O) +/0 e (27TL71)p71Rp72 dr <
3 (3.2.43)
8C, Ky 1

< 2Bzy_1tA 0
=€ T T S T

recalling that B = Cy ), [k|™* (see (3.2.36).

But Ag(0) is small for large R: in fact the Ag(0) = 34 5p \lk(0)|2 is
bounded above by 0192 2k>R |k| =27, if 7, (0)] |&]" < C? for all r ; 0; and
therefore Ar(0) < CSQR_%”B; for a suit;bly chosen B, and:

2,1, B! B’
Ag(t) < BV t(R%iQ + RTZ) (3.2.44)

with a suitable B”,. This yields, in particular, an explicit estimate of the
difference between v, () and lkR(t) at k fixed, |k|] < R, and the (3.2.38)

follows by choosing the arbitrary parameter r so that 2r — 2 = p — 2,
i.e. T =p/2.

We conclude by showing that if d = 2 the weak solutions with mildly
regular initial data become analytic at positive time

Proposition VIII (an analytic reqularity result for NS in d = 2, (Mat-
tingly, Sinai)): If d = 2 the (unique) solution of the NS equations with
initial datum u® and forcing g such that 17, (0)] < Ulk|=3, lg,| < FerlEl

with U, F,k > 0, is analytic for t € (0,T) with T arbitrarily fized.

Proof: We follow, and implement in our context, the idea in [MS99]. Con-
sider the regularized equations with cut-off R; by propositions III, IV for
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172 §3.2 Autoregularization for NS. Existence (d = 2)

all times it is: |1kR(t)| < %(I? for a non decreasing, finite, function C(t) > 0

depending on U but not on R.
Hence, by choosing e sufficiently small, for 4,5 = 1,2 (i is the component
index, j distinguishes real or imaginary part) we have®

i.))R ket C(T
PR ()] < 2 eIkt “5'3) (3.2.45)

for |k| < Ko =8v7123C(T) 2B and t € [0,T], with B = 2 k|20 |k|=3. This
means that we can take e = (KoT) ! log(U/2C(T)).

We take, just for simplicity, g = 0. Then assuming the existence of a time ¢
when the (3.2.45) is violated for some k > K we define r, with 0 <tz < T,
so that at t =t , “for the first time”, fyg’j)R(f) = +2. ¢~ ElTO(T) K| =3 for

at least one k = k (|k| > Ko) and 14, j —1or 2: in the + case, for instance,
"y,(j’J)R will be bounded by:

- (i,5)R /% 7 3,5) R T
'Yé 7) (t) < *V|2E‘2'}% J) + ‘M Z |l£ . |1§2| < (3.2.46)
- B ky+k,=k

T nE S = Al GOy M HE S T E SRS (D e
< —v|2k]*2-e Vi + |kl e e (|E\/2)3C(T) 4B
because if k; + ko, = k then either |k,| > |k|/2 or |ky| > |K|/2.

Therefore the first term in the r.h.s., since |k| < |k;| + |ky|, Will be a
quantity which for [k| > Ky is less than —1 |k|v |'yg’j)R| < 0, because Ky
was defined just to make this true. ;

Hence the derivative of ’y,(f’j )R is less than the “speed of contraction of the
boundary” of the region where (3.2.45) is satisfied for all |k| < R. Therefore
for every R, tg = T. Since the regularized solution converges for every k, as
R — o0, to the solution of NS equations, the latter solution verifies (3.2.45)
for all k. Hence it is analytic.

Remark: (Non smooth case) Hence, if d = 2, the weak solutions with data
in Ly(€) also become analytic at positive time because by proposition IV
they become immediately C'*°.

Of course the size € of the “strip of analyticity” depends on the prefixed
T and tends to 0 as T' — oo: this is quite different with respect to the “an-
alyticity improving” nature of the heat equation or of the Stokes equation.
Then one can ask if there are weaker regularity properties that the solution
acquires for positive time, say for ¢ > ty > 0, and that do not depend on T'.

5 The choice of the factor 2 is arbitrary: a constant > 1 would be equally suitable for our
purposes.
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A (quite weak) regularization result of this type can be obtained indepen-
dently of the proposition VIII and it follows immediately from the autoreg-
ularization estimates

Proposition IX (a C*-reqularity estimate for NS ind = 2): Let u® € Lo,
d = 2, and let u(t) a corresponding C-weak® solution of the NS equation.
There exist two functions H(t),h(t) finite and non increasing for t > 0,
divergent as t — 0, such that

v, (O] < Hto) - e~ (s ED*/ht) = for all ¢ >ty >0 (3.2.47)

Proof: (sketch) In fact the constant C,, in proposition III can be estimated
(by (3.2.21), and we leave this as a problem) as Cpy1 < a!B’+2* B” C, for
some constants B, B” and o > 0. This immediately gives: Cy < a!2% D
for some D > 0, and consequently (as in deriving (3.2.23)) the estimate

v, (8)] < H(to) - e (s ED* R ™ 0 forall £>129>0  (3.2.48)

where H (to), h(to) < oo if tg > 0 are constants depending on the initial
conditions and on v, g, but not on time t > to.

Noting that exp —(log |k|)?/h tends to 0 as |k| — oo faster than any power,
this means that the C-weak solution condidered here (unique at least if
u® € W1(Q) by proposition VI) has a Fourier transofrm that acquires a
C regularity expressed quantitatively by the parameters H,h in (3.2.47)
at any time ¢y > 0 and keeps it forever with the same parameters (at least).

Problems

[8.2.1]: Estimate the function Bq, described in remark (1) following the proof of propo-
sition III, in the cases d = 2,0 =2 and d = 3, a9 = 2 for a« = ag + 1, p + 2.

[3.2.2]: Estimate the constants B in (3.2.20).

[8.2.3]: Prove proposition VII without assuming the absence of the external force; de-
termine the g-dependence of the constants Vg, M.

Bibliography: This section is based on my lecture notes (see [Bo79]) on the
work [FP67], which discusses the above matters in a domain with boundary

6 Recall that we have proved uniqueness of the weak solutions only under the slightly
stronger condition u® € W1(Q).
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174 §3.3: Leray theory, (d = 3)

and no slip boundary conditions. Proposition VIII is, however, a recent
result in [MS99].

63.3 Regularity: partial results for the NS equation in d = 3. The
theory of Leray.

The theory of §3.2 is very unsatisfactory in the 3—dimensional case, because
it is nonconstructive and lacks a uniqueness theorem.

The consequent ambiguity only consists in having been found as a limit
of an unspecified subsequence extracted from a family of approximate so-
lutions and therefore one can fear that by selecting different subsequences
one obtains different solutions. It also consists in the possibility that there
are other regularizations which, through a limiting procedure, could lead to
yet other solutions.

We shall consider a cubic container 2 with side L and periodic boundary
conditions, and we shall fix units so that the density is p = 1. Therefore
there are two scales intrinsically associated with the system: a time scale
T. and a velocity scale V.:

Ve

~ <

L2
T.= = 3.3.1
, : (3.3.1)

where v is the kinematic viscosity. It will be natural to call them together
with the length scale L, the scales “characteristic of the geometry of the
system”

(A) Leray’s regularization.:

An interesting regularization, different from the one by cut—off used so far
is Leray’s regularization.

Let x — x(z) > 0 be a C* function defined on 2 and not vanishing in
a small neighborhood of the origin and with integral [ x(z)dz = 1: the
function x(z) can be regarded as a periodic function on Q or as a function
on R? with value 0 outside €2, as we shall imagine that  is centered at the

origin, to fix the ideas. For A > 1 also the function x(z) = A3x(Az) can
be regarded as a periodic function on € or as a function on R3: it is an

“approximate Dirac’s é—function”.

It will be relevant to point out that there is a simple relation between the
Fourier transforms of the function y regarded as defined on 2 and its Fourier
transform when it is regarded as a function on R3: namely if Y(k), k € R?
is the Fourier transform of y as defined on R3, then the Fourier tranform
of x regarded as a function on € is simply x(k) evaluated at k = n ko with
ko = 2nrL~! and n is an integer components vector (just write the definitions
of the Fourier transforms to check this statement). Note that x(k) decreases
faster than any power as |k| — oo.
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We shall examine the regularization with (dimensionless) parameter A of
the NS equation “in the sense of Leray’ defined as

udr=0 (3.3.2)

u=vAu—(u)y-9u—0dp+g, 0 -u=0, /,,
Q

where (u)x = [ xa(y) u(z +y) d*y, and u, g are divergenceless fields. The

volume force g will be assumed time indpendent (for simplicity).

In (3.3.2) we see that the approximation corresponding to the regulariza-
tion consists in having the velocity field at a point z no longer “transported”,
as it should, by the velocity field itself as in the Euler and NS equations,
but rather by the average of the velocity on a region of size of the order of
A1 around z.

Rewrite (3.3.2) as an equation for the Fourier components Y, =7, of
the velocity field (c.f.r. §2.2) B

. : . 1A
=k =i Y R(EAT )k, ko kny +g, (3.3.3)
B T kythy=k .
where ¥(0) = 1 e E'lg =0, 7) = g, = 0 and the functions v, (0) = e g,

are assigned as Fourier transforms (with the conventions fixed in (2.2.2))

12 = LiS/ e T y0(z)dx, g, = Lf?’/ e mg(z)dx (3.3.4)
Q Q

of a datum v’ € C*(Q) and of the intensity of external force g €
C>(Q2). We shall use the convention on the Fourier transform so that
u’ = Zﬁlze@@, hence } ;. |12|2 = L3 [|u®(2)|?dz. Both u and its

Fourier transform ~ have the dimension of a velocity.

Remarks:

(1) The (3.3.3) is similar to the truncation regularizations considered in the
previous section, because the large values of k;, k| > A, are “suppressed’
in (3.3.3). Nevertheless (3.3.3) does not reduce to the regularization by trun-
cation, not even in the case in which y(k;/)) is chosen as a characteristic
function of the set of k’s with |k| < AL™!: indeed with such a choice of ¥
the vectors ky and k in (3.3.3) remain free and only |k, | is forced to be < A.
In the equations obtained by truncation (for the NS equation) discussed in
the preceding section, instead, also |k,| and |k| are constrained to be < A
(AL~! correspond to R of the preceding section).

(2) We have not, however, chosen y with a y being a characteristic function
of a sphere not just because the corresponding x(z) would have a so slow
decrease at oo to make improper the integral defining the (u)(z); but also,
and mainly, because the following inequality (fundamental to the theory)
would not be generally true

() (z)] < ?eafz( lu(y)| (3.3.5)
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With our choice of x as an approximate d—function the (3.3.5) is correct
and simple to check: but it is based upon the positivity of the function x(y)
and on the fact that its integral over the whole space is equal to 1.

(B) Properties of the regularized equation and new weak solutions.

The theory of (3.3.3) at A fixed is very simple. The key is that if [|y||2 < oo
then, for each A > 1 and each sequence {lk} an identity, that we have

already seen to be the root of the energy conservation relation, remains
true in the form

Yo REA) 2y, ke, o7, =0 (3.3.6)
kytky+ks=0 =2 =3
k1SN

for all integers IV, because it is based only on the symmetry of this expression
with respect to k, and k5 and to the orthogonality between k, + k4 = -k,

and Uk,

This means that one can envisage the same method of §3.2 to solve the
equation (3.3.3) as a limit of solutions VQ’N(t) of the cut—off equations (here
N is a cut—off parameter whose role is completely different from that of A as
the latter is necessary to make sense of the equations while IV is introduced
here as a technical tool to establish properties of the regularize equations
and it will soon disappear) with |k| < N

Iy ! —vk?(t— 1 v (A~
N () = e Et12+/e EO (g1 X SO0
k < Jo Tk thy=k

ey <N (3.3.7)

i

AN
(@) ey N (7)) dr

In fact one proceeds as in §3.2 and the approach yields a solution verifying
the “same” a priori estimates, discussed in (3.2.12) and (3.2.13)

AN _
™ (B3 < EoL™?,

t

1 (3.3.8)
Z/ dri |y N (r))? < §E0L*3 v 4tV Eo L3 v g
PRRAY

where L3||'~y/\’N(t)||§ = [|uMM(t)|? dz and the regularization parameter N

plays the same role of R in §3.2 and A is, for the time being, kept fixed.

By the argument of proposition I of §3.2 the equation (3.3.8), in turn,
implies existence of a limit as N — oo, fy,i‘ (t), possibly obtained on a subse-
quence N; — oo, verifying the (3.3.7) and (3.3.3).

2/ febbraio/2007; 19:36



§3.3: Leray theory, (d = 3) 177

This time however the autoregolarization is stronger (because the (3.3.3)
is not the NS equation). Indeed if \E|°‘|12’N(t)| < C, forall k and |¢| < T,

then V [¢t| < T

9,
—vk? =k —vk?(t—1
VO < e+ s [ arigee. (339)

9. 2B

C? 2
~ry—1 « —vk“t|.0
Z XAk e < e |1@‘ + 2 vlkfett

p PP

where B()\) = 21+ok; EE\@FO‘)%(E)\_I) < o0, if kg = 2rL~! is the mini-
mum value of |k| (note that, obviously, B(\) 35— 00).

Hence if u® € C®, g € C™ we see that there is C,1 < oo such that
|7;€\’N(t)| < Cuy1]k|@7 1, V 0 < t < T. Hence repeating the argument we
see that |7,’€\’N(t)\ k| < Co, Vo' >a, t <T.

This means that all limits of convergent subsequences as N — oo of vV
are C'™, because the (3.3.8) trivially guarantees the validity of this estimate
for « = 0. And we find immediately, as in the case d = 2, that such
solution of (3.3.3) is unique and therefore y* = limy_, o, v, without need
of considering subsequences (c.f.r. (3.2.37)). B

But in trying to perform also the limit A — oo one risks loss of regularity
obtaining only a weak solution, in the same sense of §3.2, as a limit on a
suitable subsequence \; — oo.

The latter weak solution will still verify, by the same argument used in
§3.2, the a priori estimates (3.3.8) or (3.2.12), with the same right hand
side members, and the NS equation

5 to+t 5 )
3,0 =t [ e (g i Y

B fo T Eitk=E (3.3.10)
i, (1) by ey, (7)) dr
where tg > 0, c.f.r. (3.2.10).

Remark: Not having established a uniqueness theorem for weak solutions it
is not necessarily true that such solutions coincide with the ones discussed
in §3.2. Hence it should not be a surprise that it will be possible to prove
that such new solutions enjoy properties that we would not know how to get
for the others.

(C) The local bounds of Leray. Uniformity in the regularization parameter.

Let tg > 0 be an arbitrary time; let

Jolto) =Y Iy (t)l*, Jilto) = L2 Y kP (o)l Go=)_lg,I°
k k k

(3.3.11)
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and introduce

Dp(t)= sup |[L"O5uMa,b),  Jm(t) = L™ k[ yp (D)
@,|al=m & =

(3.3.12)
noting that the quantities D. have dimension of a velocity while J. of velocity
squares and /Gy is an acceleration.
It is useful to define, for the purpose of a clearer formulation of Leray’s
theory, the Reynolds’ number. Given the importance of this notion we give
a formal definition

1. Definition (Reynolds number): If u is a velocity field in Q we define the
“Reynolds number” R and the “dimensionless strength” R, of the external
force in terms of “geometric” scales of velocity and time, c.f.r. (3.8.1), and
of the velocities Vi = /Jy and Wy = T.\/Go which we shall call, respectively,
the “velocity variation scale” of the field u and the “external force” or “free
fall” velocity scale. The definitions are

R

SIEs
5

The quantities Vi,J1, R are properties of the velocity field u, while Ry is
instead a function of the density of external force.

In particular R depends on time ¢ if u does; and R < oo is tantamount to
saying u € W(Q). We show that

I. Proposition (regularization independent a priori bounds): Let u’, g €
C>®(Q). There exist A-independent dimensionless constants F < 1,
Fp,m = 0,1,2... such that if t — u*(t) is a solution of the regularized
Navier Stokes equations (3.3.2) which at a time to > 0 has Reynolds num-
ber R(to) < oo then

_ VeR(tg) Fo
D (1) S( ST 20t —t) 0) (L=2v (t —ty)) %’ (3.3.14)
R(t)? <8(R(to)? + R2)

for all t € [to,to + To], with Ty given by

T

To=F— %
0 R(to)* + R2 + 1

(3.3.15)

with Ry defined in (3.3.13).

Remark: Note that while the velocities D,, depend on A their bounds,
together with the corresponding time of validity, do not depend on A. They
are therefore bounded in terms of the Reynolds number at the instant tg
only. But in general the latter depends on A, except when tg = 0.
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proof: Rewrite (3.3.7) in “position space”, i.e. for u*(z,t). We find
wat) = [ dyTle =yt - t0)upto)+
Q

+ / dT/ Dz —y,7—t0)g;(y, ) dy+ (3.3.16)

/ dT/ dy 0pTjn(xz —y,t — 1) <u2(g,7)>>\uﬁ(g,7)
to

p,h=1

where we have set
2 .
:L—S § e—l/& tezﬁ-g7
k

e kik\ i
T(E,wij =L BZe Ezt(&j_ |k‘23)eE,
k#0 -

(3.3.17)

which are Green’s functions for the heat equation on the torus Q2 of side L.
The following properties of I', T for ¢ > 0 or for ¢t = 0 will be used

(0 —vA)'(z,t) =0, I'(z,0) = d(x)

(0 — vA)T(z,t) =0, Tin(z,0) = 6(2)6; — 0;0nG(z) (3.3.18)

here d(z) is Dirac’s delta and G(z) is the Green’s function of the Laplace
operator on the torus 2. The latter can be expressed, via the images method
(c.for. problems [2.3.12]+[2.3.14]) and [3.1.12], as

1 1 1 z-nlL
Gla) = —— - L n
@ =g 2 o~ T Tap
1 1 9 (33 nL)? |
+§|QL|3 (g InL|? )}
1 1 1
= lim —— 3.3.19
NTe  dn ; (|a:+nL| |nL|)7 ( )

where n = (ny1,n2,n3) is an integer components vector.!
The I', T can also be computed by the method of images (from (3.3.18))

e—(z+nL)?/4vt

[(z,t) = %: T (mt)3z (3.3.20)

Tin(z,t) =T'(z,t)0;, + ajan/ Gz —y)(y,t)dy
Q

1 Note that the first formula in (3.3.19) implies the second because the first is absolutely
convergent and therefore can be trivially obtained as the limit for N — oo of the sum
over |n| < N; but if the sum over n is restricted to the n such that [n| < N then the
linear terms in z and the quadratic ones as well add up to zero (for every N).
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Finally T, T verify the following basic inequalities, for vt < L?

C

for a suitable Cy, and if o = (o, 9, 3), with «; > 0 integer, and
def

la| = a1 + a2 + as, then

Cla| (22 + vt)~BFlah/2 for vt < L?

C"g‘lf(gﬂﬁ‘) (L2 /vt)ld/2 for vt > L2
(3.3.22)

5T (1), 10Ty ()] < {

See problems [3.3.6] and [3.3.9] for a check of the inequalities.
If the derivatives 02" and 0%T are considered as convolution operators on
Lo () which are, therefore, defined by

(0°T * f)(z) = / 0T (z —y,t) f(y) dy

(3.3.23)
(02T <)) / 02T (z — y, 1) () dy

we bound immediately their sizes in Lo () by evaluating, via (3.3.17), the
“norms” in Ly(Q2) via the Fourier transforms and we get, if |a| = m

B,
(vt)m/2

109 5 ||, |0%T * |2 < sup |k|'2e 2"t < (3.3.24)
k

if B,, are suitable dimensionless constants.

Returning to (3.3.17) we recall that, besides the characteristic time T, =
L? /v and the characteristic velocity V. = v/L, c.f.r. (3.3.13), we associated
with the fluid the velocities Vi = Ji(tg)"/? and Wy = T, Gl/z. Then, in

terms of these quantities Dg(t), c.fr. (3.3.22), can be estlmated starting
from (3.3.16) by

e"’kz(t to) T
Do(t) < 3 Ikl I to|+/ Z 5 (r=t0) g, dr+
k
Dy(T)?
+C/ dT/ d < 3.3.25
L MR o) (3.3.25)

S

o/ (t—to)/Te \/WTV

where F} and F{ are suitable dimensionless constants and v(t — ¢y) < L.

Since Dy(t) is the maximum of u*(z,t) in z and since u* is C* in z,t,
because it solves the regqularized equation, for t > tg, then Dy(¢) is continuous
in t. Therefore we conclude the validity of the inequality

i

Dolt) < (=37

+ Wo) Fy (3.3.26)
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for t — tp > 0 small enough. This is simply the statement that Dg(¢) is
continuous in t: but t — tg could have to be extremely smaal and it depends
on A in a, so far, uncontrolled way.

However, for ¢t < T, the inequality (3.3.26) will stay valid as long as the
upper bound of Dq(t) in (3.3.25), evaluated by replacing Dy(t) with the
bound (3.3.26), stays smaller than the right hand side of (3.3.26) itself, as
a moment of thought reveals.

Remark: the condition ¢ < T, appears because the inequalities have been
derived supposing t — 7 < T, (i.e. v(t — 1) < L?).

Therefore, if ty+79 is the maximal value of ¢t > ¢y up to which the inequality
(3.3.26) holds, the (3.3.25) implies that the time 7y is not smaller than the
maximum 7 > 0 for which

((r)T) "4V + Wo) Fy+

T Te\1/2 T. 172 dr’
8F” F’Q/ VPV W < — < (3.3.27
+ 0+0 o (7_/) 1t Wo (7__,7_/) T.V. = ( )

<2((r/T.) Y4 Vi + W) F}

Note in fact that the Lh.s. is an estimate of the r.h.s. of (3.3.25) obtained
from it by replacing Dy(¢) by (3.2.29).

The (3.3.27) is, taking into account the 7—independence of the integral
m= [y [r'(r —7)]7Y2dr’, a consequence of

VR4 (/T PRV

8FIF// (
of'o™ Vi + (7/T.) AW, = (7/T,)'/*

(3.3.28)

so that, setting F' = 1/(87F}FY) and = = (7/T.)*/4, the condition is

z < p Vet 2Wo)

3.3.29
V2 + 22W§ ( )

which, by Zidb > min(2, % is implied by « < F' min(V./V1, V./(2Wp)).

For simplicity we shall impose the validity of the last condition (cf. remark
above) and of the ¢t < T, by assuming the simpler (but more restrictive)

def Tc —_ Tc
(%)4+(1‘4//:)2+1 R+ RZAH1

(3.3.30)

for F small enough, which has a conveniently simple form (for our purposes)
in terms of dimensionless quantities.

Remark: The main feature of the definition of the estimate T for 7p is of
being a function of the Reynolds number R which is independent of the
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cut—off parameter X. Of course the Reynolds number in general depends on
A unless tg = 0, as already noted).

A further consequence of the (3.3.16) and (3.3.24), that is obtained in a
similar way to the one followed in deriving (3.3.25), is

t
B
T2 < Ji(t) 2 + T.GY? + | Do(r) !

7J17'1/2d7 3.3.31
| Dufr) ) (3331

This can also be bounded by the same kind of reasoning just presented for
the bound on Dy(t) in deriving (3.3.26), (3.3.27) and (3.3.30). One gets

T2 <2 (L) 2+ T.GY?), t<T, (3.3.32)

under the same condition for 79, (3.3.30), with a possibly different constant
F in place of F.

Hence we have obtained the existence of suitable dimensionless constants
I:", F such that

F

1’ WR?]) then :

if thozTcmin(

)_1/4 + W) Cd(t - t) (3.3.33)

c

Ti(t) < 8(Ji(to) + T2Go) ™ j(to)

We remark, again, the A-independence of the right hand side and that the
function d(e) is decreasing with e.

Thus the proposition is proved in the case m = 0. The m > 0 cases
are treated analogously, or they follow as special cases from propositions
1V,V,VI below.

(D) Local existence and reqularity. Leray’s local theorem.
Proposition I yields the following corollary

II. Proposition (local existence, regulatity and uniqueness, (Leray)):
There is a dimensionless constant F > 0 such that if u® € Ly (Q) is a veloc-
ity field with Reynolds number R < oo (which is equivalent to u® € W1(Q))
and if the dimensionless strength of the external force is Ry (in the sense of
definition 1, (3.8.13)) then there is a weak solution with initial datum u® at
t =tg, of the NS equations which verifies the following properties

o0 TC
(1) ueC ((t07t0+TO)XQ)a TO—FWREH
(2) lu(t) = u|la =0 (3.3.34)
To
(3) Dy(7)? dr < 0
0
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where Dy(t) is the mazimum max, |u(z,t)|. Two weak solutions enjoying
properties 1,2,8 necessarily coincide. Finally the solution can be obtained
via a constructive algorithm.

Remarks: (1) We recall that “weak solution” means (c.f.r. definition 1 in
§3.2) a function ¢ — w(z,t) with finite Ly(Q2)—norm (i.e. finite kinetic en-
ergy) verifying a uniform estimate in every finite time interval and making
(3.3.10) an identity, as well as (3.2.6), almost everywhere in t > t.

(2) If there is no force all Leray’s solutions will become eventually smooth,
see problem [3.3.4]. These are examples of several results of Leray on global
existence (see also problem [3.3.5]). The conclusion is that we miss an
existence and uniqueness theorem under general initial data.

proof: Setting to = 0 property (1) follows immediately from the estimates
(3.3.14), from the autoregularization property of proposition V of §3.2 and
from the remark (3) to the latter proposition.

Furthermore from (3.3.7), and f(f e VBT dr < 5 /(vk?)' ¢ for each £ €
[0, 1], we deduce for all A >0

. g, |t
A —vk?t_0 Zk
[ () — 7= Tyl < (i)

+ ¢ vV E()L_3
(VEQ)PE L

(3.3.35)

2(J1(0)/% + T.GY?)

where the second term is obtained from (3.3.7) by bounding the sum pro-
portionally to [|v[|2 - [|E||2 (the || - [|2 is defined in (3.2.4)), via the energy

estimate (3.2.12) and the estimate (3.3.33). This shows (if € > 0 is chosen
so that (1 —¢)-4 > 3) that

A =3Ol < (0P — e 0% £ 0() =50 (3.3.36)
k

hence [[y>(t) — 7(0)]]2 < limy,—oo [[7 (£) — 1°(0)||2 7=7 0 and property
(2) of (3.3.34) follows.

Property (3) is implied by the second of (3.3.33), saying that Do (7) diverges
at most as 7~ /% as 7 — 0.

It remains to check uniqueness. Indeed, given two solutions u' e u? veri-
fying (3.3.34), let A = ||y! —+?||3 and A; = |||k| (y* —?)||2). Proceeding
as usual, c.f.r. proposition VI of §3.2, we then get

d A 1 1 2 2 1 2
EnguAlf Z Z(;YE1 ',@21&2 Ok, ~E21E2)'(1E3 71&3):
El“rkg"r&g:o

o1 2
= —vAi+ Y il ) ke, (0f -2

. 2
+D ik, ke~ )y~ ) = (3.3.37)
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_ —VA1+L_d/(u1 _22), [Elg(yl _y2

)]+
+L7d/[92 'Q(@l *Q2)] '(Ml 7@2) < 7Z/A1+

+2Do(t)V/AIVA <vA m;aé((—yQ + 207 ' Do(t)y) < Av'D(t)
y

hence ,
A(t) < A(0) e Jo Do dr (3.3.38)

thus, since A(0) = 0, we see that the third of the (3.3.34) implies A(t) = 0,
for t < Tp.2

(E) Ezceptionality of singularities. Global Leray’s theorem. Leray’s solu-
tions.

2. Definition (L-weak solutions): Consider solutions u*(t) of the Leray’s
regqularized equation with C™ initial datum u(0) = u® and for all times

t. Let Aj — oo be a sequence such that 12'7 (t) converges, for all t and k,

to a weak solution v;°(t) with Fourier transform u*(z,t). Such “Leray’s
solutions” may be distinct from the C-weak solutions of §3.2: hence we shall
call them “L-weak solutions”.

Keeping in mind (3.3.11) and the deinition 1 following it, let

RV Jy(t) = liminf L2 [k (1)) (3.3.39)
j—o0 . -k

Note that all quantites do depend also on the sequence {\;}. Then the
second of (3.3.8) gives

j—oo

1m i b L E J
0 T — o ° = Tk T —

k (3.3.40)
L? ]
< (FEL ™ + Ly VEL g2 )Vi? < o
hence R(t)? < oo almost everywhere.
Let &, = {t|R(t)? < n} and set,c.f.r. (3.3.15)
T
n=F - 3.3.41
i n?+ R2+1 ( )

2 Strictly speaking, c.f.r. definition 2, one gets A(t) < A(tp) exp 2v~! ftto Do(1)? dr for

to > 0 because u’ € C™ for t > to; then it follows from (2) in (3.3.34) that also u’(to)
tend to the same limit as g — 0, namely to u(0), in La: so that A(tg) also tends to
A(0) =0 as to — 0 and (3.3.38) follows.
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The set U,&, has a zero measure complement. Call t&”),t(;’)

merable family of times in &, such that the set &,:

,... a denu-

&, = ﬁl[tgn),tgn) + 7,) coincides with Uiee, [t t+7) (3.3.42)

and it is not difficult to see, by abstract thinking (i.e. no estimates are

needed), that such a family exists, and the open set £2 = &, D Utes, (t, t+
7n) 18 contained in E,.

As a consequence of propositions I and I we see that u>(z,t) is C*° on
the set €2 and there it verifies, together with all its derivatives, estimates
depending only on n and upon the distance of ¢ from 9&Y.

Since U, &Y differs by an at most denumerable set 3 from the set U,&,
and U,E, D U,E, it follows that U,EY is open and has a zero measure
complement.

Therefore

II1. Proposition (L-weak solutions can only have sporadic singularities
(Leray)): There exist weak solutions of the 3—dimensional NS equation
which are C*° on an open set with a zero measure complement. All Leray’s
solutions enjoy this property.

This is, in essence, the high point of Leray’s theory. A few more substan-
tially stronger properties have been very recently obtained: we shall analyze
them in the following sections §3.4,§3.5.

(F') Characterization of the singularities. Leray—Serrin theorem.

A further corollary, where v = 1 for simplicity, is the following theorem
(Serrin).

IV. Proposition (velocity is unbounded near singularities): Let u(x,t) be
a weak solution of the NS equation verifying ||u||3 < Eo for t >0 and

y(g,t):AF(Q—y,t)go(y)dg+/o dT/Ql"(g—y,t—T)g(y)dg—i—

t
- [ [ Oyt i) ) dy (3.3.43)

0 Q
Given tg > 0 suppose that |u(z,t)] < M, (z,t) € Uy(zy,to) = sphere of
radius p < to around (z,to), for some M < oo: thenu € C*(U,/2(zq,t0))-

Remarks:
(1) This means that the only way a singularity can manifest itself, in a weak
solution (in the sense (3.3.43)) of the NS equations, is through a divergence

3 Since &2 is defined in terms of open intervals (t,t+ 75, ) rather than semiclosed [t, ¢+ 7»)
(n)
J

the set £ might fail to contain the points Unp,jt
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of the velocity field itself. For instance it is impossible to have a singular
derivative without having the velocity itself unbounded. Hence, if d > 3
velocity discontinuities are impossible (and even less so shock waves), for
instance. Naturally if u(z,t) is modified on a set of points (z,t) with zero
measure it remains a weak solution (because the Fourier transform, in terms
of which the notion of weak solution is defined, does not change), hence the
condition |u(z,t)| < M for each (z,t) € Ux(zy,to) can be replaced by the
condition: for almost all (z,t) € U, (g, o).

(2) It will become clear that the above result is not strong enough to over-
come the difficulties of a local theory of regularity of the L-weak solutions.
Therefore one looks for other results of the same type and it would be desir-
able to have results concerning regularity implied by a priori informations
on the vorticity. We have already seen that bounded total vorticity implies
regularity (c.f.r. §3.2 proposition 5): however it is very difficult to go re-
ally beyond; hence it is interesting to note that also other properties of the
vorticity may imply regularity. A striking result in this direction, although
insufficient for concluding regularity (if true at all) of L—weak solutions, is
the Constantin—Fefferman theorem that we describe without proof in propo-
sition VII in (G) below.

proof: This is a consequence of a few remarkable properties of the integrals,
often called with the generic name of “heat kernels’,

V(z,t) =P'F = /Pm—y,t—T)F(y, T)dy
(3.3.44)

V(z,t) //8P —y,t —7)F(y,7)drdy

where P =T or P = T, see (3.3.20), as operators on a function F which
is bounded by a constant M. The properties below can be regarded as
establishing the analogue of the autoregularization property directly “in

position space”. They are expressed by the following propositions

V. Proposition (regularization induced by heat kernels): There is a suit-
able function K?, decreasing in t (hence bounded for t > 0) such that

Viz,t) - V(1)
(CTe—z|)?

In other terms the operators in (3.3.44) transform bounded functions into
Hélder continuous functions with exponent 1/2.

V(2 t)] + <MK’ Vazo (3.3.45)

See problems [3.3.10], [3.3.11] below for a proof, and furthermore

VI. Proposition (stronger regularization induced by heat kernels): Like-
wise if F verifies (3.3.45) (with F in place of V) then PF and P'F are
differentiable in x and, for a suitable t—decreasing (hence finite for t > 0)
K}, have derivatives bounded by

OV (1) < K} M (3.3.46)
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i.e. the operator in (8.8.44) transforms Hélder continuous functions into
differentiable ones.

A proof is described in problem [3.3.12] below.

Accepting for the time being (3.3.45), (3.3.46), c.f.r. problems [3.3.11],
[3.3.12], we can complete the proof of proposition IV.

Let X = Xa,to(y,7) < 1 be a C°° function vanishing outside the ball U,
and equal to 1 inside the ball Us,/4. Since I',T" are C*° if §2 + 7 > 0 the
exspression (3.3.43) yields a C* function for (z,t) € U, /s if u is everywhere
replaced, in the r.h.s., by (1 — Xzt )u-

Thus it remains to analyze (3.3.43) with u replaced, in the r.h.s., by Xz, to U-
But the function x u is, by assumption, bounded by M so that by proposi-
tions V, VI (3.3.43) is differentiable in z. Hence u is differentiable in z, and
still by (3.3.43) we see that 0 u is given by expressions similar to (3.3.43) as

the new z derivatives of T, I" can be “transferred”, by integration by parts,
on the functions u. Hence by the same argument 0 u is differentiable in z.

Repeating the argument we see that u is infinitely differentiable in U, ;.
Knowing differentiability in z and differentiating (3.3.43) with respect to
t one can integrate by parts and “transfer” the time derivatives acting on
the kernels T', T into z—derivatives of the functions u (which exist by the
argument above) because ;' = v AT and ;T = v AT. Hence u is C* in
t as well for (z,t) € U, s.

(G) Vorticity orientation uncertainty at singularities.

It is interesting, see remark (2) in (F') above, to quote the following “vortic-
ity based” regularity proposition (Constantin and Fefferman, c.f.r. [CF93]):

Proposition VII (vorticity orientation is uncertain at singularities):
Suppose that u(t) is a L—weak solution of the NS equations with periodic
boundary conditions in a cubic container Q with C*° external force g and
initial datum u® € C™. Let w = & A u be its vorticity field. Let u™) be
the sequence of approximating solutions with Leray reqularization parameter
N; let their vorticity be w™) and §(N) = WM /|wMN)| be the its “direction”.
Suppose that there exist constants X, p > 0 such that if both |w™) (z,1)| > X
and |[w™N) (z + y,t)| > X then the projection of §(N)(§+g, t) on the plane
orthogonal to §(N)(§, t) is bounded above by |y|/p for all0 <t < T, where T
is a positive time, and for all pairs z,y, uniformly in the cut-off parameter
N.

Then the solution is of class C* in the time interval [0,T] .

Hence the “NS solution is smooth unless in the (smooth) approzimations
vorticity at x changes wildly direction” as x varies. This result is remark-
able because it gives a regularity property under conditions involving the
vorticity. The result does not apply to C-weak solutions (c.f.r. (3.2.11)).

As it will appear clearly in the following sections, particularly in §3.5, what
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is really missing in the theory of regularity of NS solutions is a proper way of
taking into account that vorticity is transported (one also says “advected”)
by the fluid flow. Even the strongest regularity result, the CKN theorem,
c.f.r. §3.5, gives detailed local information (unlike the above theorem that
relies on an assumption that involves vorticities at all points at a given
instant) but without referring to the validity of the Thomson theorem at
Z€ero voscosity.

(H) Large containers.

The theory just developed is dimensionally satisfactory only if the initial
velocity field u, and the density of force g are regular on a length scale L
equal to that of the container. a

Sometimes, however, one considers situations in which the length scale
characteristic of the initial data, be it r, and of the forces is different from
that of the container: e.g. “a vortex in the sea”, see problem [3.3.8] below.
In such cases it will be important to keep the roles of the two scales distinct.

Suppose that data and forces are “on scale” r: mathematically this means
that data and forces are appreciably nonzero on a small sphere of radius
r where their properties are simply described by parameters v and g that
fix the order of magnitude. A precise way to formulate the latter property
is to assume that u° and g are analytic functions of & with holomorphy
domain |Im ;| < r and are bounded in this complex polistrip by @ and g,
respectively, and furthermore that they are negligible (“small”) for |Re z;| >
r, (c.f.r. the final note in §1.2).

Then the relevant norms for the formulation of the theorems can be esti-
mated as follows

/dw\@uo( 2 ~ o,
gr
/d7/|rz—y,t—7> )l dy ~ T

v

(3.3.47)

where the second quantity is what becomes of the W in (3.3.26) in the proof
of Leray’s’s bounds.* Hence the relevant quantities in the formulation of
the results of Leray’s theorem are

v L? r?
Ve=7, To="0 Vind(D)V? Worg—

) =T {)(Lr)l/Q (3.3.48)
RgN977 RNT7

It is therefore useful to introduce “local” scales of velocity V. and time 7.
as well as the Reynolds number R and the dimensionless strength number,

4 To estimate (3.3.47) one can bound I" with (3.3.21) and use the property of “smallness”
of g outside the ball of radius r.
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- . 5 . ~ .3
v.=2 n=2 RrR=Y  R=L (3.3.49)
T v v v
It follows that the characteristic time scale Ty of the local solution of Leray

and the corresponding velocity estimate Dy(t) are
_ 4 N-1 _ @ (P4, p2y-1
To =FT.(R'+ R2)™" = FT, (R* + R)™Y,

3.3.50
Dy(t) <F% ((r* ((t —to)) Y4 + gr? v 1) ( )
which, as we should have expected, are independent from L and essentially

the same that we would find if the container had side size ~ r.

Problems: Further results in Leray’s theory

[8.8.1]: Check that there would be difficulties in showing that the Leray’s solutions
with initial data u® € W1(Q2) (i.e. J1(0) < 0o) coincide with the C-weak solutions of
§3.2 with the same initial data. Show that they would coincide if the C-weak solutions
verified property (2) in (3.3.34), i.e. took the initial value with continuity in L2(Q2) as
t — 0. (Idea: it is not known whether the two notions coincide.)

[8.8.2]: (Leray’s) Check that the technique used to obtain (3.3.25) can be adapted to
show that if E(t) = L3 Zk |7k (t)|? then there are Bi, Ba such that

t
Vi Do(7)? L73E d
DO(t)SBl(DO(O)/\il‘FWO) +Bz/ < or) A* ) 2) e
/T 0 (t—7)T. ((E=7)/Tc)?>/ TcVe
(3.3.51)
where a A* b means a if v(t — 7) < L? and min(a,b) otherwise. (Idea: Note that

fQ |T'(z,t)|dz < Bj for a suitable B; and for each ¢, by (3.3.21) and, furthermore, if
t — 7 > T, by the Schwartz inequality and (3.3.22):

L™E(r
sup [0y T(y,t — 7)| / dyl (u(y, 7))l lu(y, )| < 7()101 (3.3.52)
y Q (t—7)/Tc)2
where C] is a suitable constant. Furthermore
—vk?t
vkt e VE
D 012 D = kil 0] <
E E
(3.3.53)

2
J1(0) 112 e vk 1/2 Vi
< (2 € V2o Tt
= (=) (Zk w2 ) S P
for a suitable B. Hence (3.3.51) follows.)

[8.8.3]: (small initial data and global solutions for NS in d = 3, (Leray)) Let Vy =
Do (0) + Wp and check that if Vo/V. < § is small enough then the solution exists for all
times and Dp(t) can be bounded proportionally to Vy. (Idea: If E(t) = L3 Zk |1k(t)|2
the a priori energy estimate holds also in this case, see the comment preceding (3.§.10)7

and it will be L=3E(r) < B3V for all 7 (c.fr. (3.2.12)). Then by the inequality in
problem [3.3.2] it will be Do (t) < 2B1 V) as long as it is

t
4B2 (1 +t/T.)V?2 B3V?2 d
B LA YTV, 30 T BiVo/1+t/Te (3.3.54)

o (t-1)/Te (¢ =7)/Te)* TeVe
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where By is the constant of [3.3.2], i.e. dividing the integral between 0 and ¢ — T, and
between t — T, and t, as long as

V2B, o [T Bs dr b oAB2\/1+t/Te dr —
c 0 ((t=7)/Te)2 “e¢ Joor, /(t—T7)/Tc te
(3.3.55)

where the first term should be omitted if ¢ < T, while, in this case, the second should be
the integral over [0, t].
Therefore there is a B < oo majorizing the sum of the integrals (for every t): and if

Vo < VeB1/(BBz) (which implies § < B1/(B Bz)) the Do(t) < 2B1Voy/1+t/T. will
hold for all times: apply at this point the Leray’s—Serrin theorem).

[3.8.4] (Leray): Supposing g = 0 show that if u® € L2(R) is an initial datum for the NS

equations then there exists a time T' large enough such that (all) the L-weak solutions
with u° as initial datum are of class C* for ¢t > T. And T can be chosen

T = BT.logy (E(O)L™3/V?) - (3.3.56)

where B is a suitable constant and log, = denotes the maximum betwen 1 and logz.
(Idea: Since g = 0 we have, as in (3.2.14) with ¢ = 0, E < —vk2E and E(t) <

E(O)e_”k%t, ko = 2n L', Furthermore (3.2.13) give for all T > 0 and using the definition
(3.3.13)

T+T. _
°d 1 E0)L?
T () < LE(OL™ e vRGT AeS V22, (3.3.57)
T T. 2 V.

Hence if T is large enough and T > T it is (c.f.7. (3.3.15))

Te Frp* > 3T, (3.3.58)

and in every interval [T —2T¢, T — T.] of length T, there will be a time tg where Ji(tg) <
Vfr%, i.e. where the Reynolds’ number R(¢p) will be smaller than rp, to the right of
which the solution is bounded by (3.3.14). In particular, keeping in mind the definitions
(3.3.1) and equation (3.3.14), it will be bounded in the interval [T,T + T.] by Do(t) <
Ve Fp 4. and by the arbitrariness of T the bound on Do (t) holds for all t > T'+2T.. Hence
the regularized solution is bounded uniformly in the regularization parameter and for
~ - -2
t > T+2T. provided (3.3.58) holds for T > T = (4vk2)~ ' log(% (E(0)L~1/2vT.V2) ),
i.e. recalling the definition (3.3.1) we get (3.3.56) by proposition IV.)

[3.8.5]:  (a second global result(Leray)) Supposing g = 0 show that if, for p large

enough,
-3 1/2\ p—3
() ( /Q

and ¢ is small enough then there exists a unique C'*° solution defined for all times. (Idea:
Similar to problem [3.3.2].)

u(z,0)
Ve

P dx 1/p
F) <e€

[3.3.6]: Consider an approximate §—function as in (A) N%x(Nz) and define (u)n(z)
as fRd Ndx(Ng)g(g—i-g) dy, interpreting u as extended to the entire space R4 by defining
it a speriodic with period L in all the d coordinate directions. We call Euler equation
with Leray’s regularization the equation

4+ (u)y-Qu=-9p+g, d-u=0
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Adapt the analysis of the problems of §3.1 to check that if uN is a solution of the
regularized (with Leray’s regularization) Euler equation then, for g=0

My, < Gmllu™ |y,

with G, independent from N. (Idea: This is the “same” as the corresponding inequality
for the Euler equation, see (3.1.2), (3.1 .3). Differentiate m times Euler equation and
multiply both sides by 0™u; sum over m with |m| < m and integrate over . One should

note that the conclusions of [3.3.6] (and [3.3.2]) hold also if u is replaced by (u)x because

the differentiations commute with the averaging operation and the modulus of an average
is majorized by the average of the moduli because x is nonnegative).

[8.3.7]: Combine the analysis of the problems in §3.1 with the ideas of this section and
with [3.3.6] to derive an a priori estimate on the kinetic energy FE(t), of uV, which is

independent of N (so that E(t)'/2 < E(0)1/2 + llgllz,t). And to show that the Leray

regularized Euler equation of [3.3.6] has a solution C*° in ¢,z for each initial datum
0 oo
u’ € C™,

[3.3.8]: Consider a vortex in R3, regarded as motion of water in normal conditions
with velocity

1
u=seAr, e =Te T/ 0k

where r¢ is a length scale and k is the unit vector of the z axis; I' is an inverse time scale.
Suppose that no volume force acts on the fluid. Compute:

(1) The Reynolds number (in the sense of Leray’s, (3.3.13), and in the sense discussed
for “large containers” in (H) above).

(2) Assuming that the vortex has radius r = 1.m with T' = 1. 57! estimate the time of
existence of the local Leray’s solution (refer to the theory of large containers in (H)).
(3) Estimate how large should the time scale ™! (c.f.r. [3.3.3]) be to be sure of the
existence of a global solution, given that the length scale is r = 1.m?

(Idea: Compute the constants of Leray’s theory and apply it, via the extension to large
containers. The kinematical viscosity of water is v = 0.01cm?/sec and its density is
1.g/cm? (normal conditions 4°C, 1 atm).

[8.8.9]: Check that I'(z,t) defined in (3.3.17) is:

e—z? /4ty e—(z+nL)? /4ty

— + e
V4 47rth Z Varuvt 3

n#0

Iz, t) =

(3.3.59)

and show that, therefore, it suffices to prove the (3.3.22) for |z| and |t| small. Note that
it is necessary to check only the first term, the others are C°° corrections (c.f.r. problem
[2.3.12])). (Idea: By (3.3.18) T is the heat equation kernel (on the torus) and the first
term in (3.3.59) is the heat equation kernel in R3; all terms are regular near the origin
except the first.)

[8.3.10]: (properties of heat kernels) Let, in this and in the following problems, v =1

for simplicity. Note that (3.3.22) can be studied for vt < L? by assuming alternatively
that #2 < ¢ and 22 > ¢ and showing that in the first case it is: [02P| < Cq (vt)~GF1al/2]
where P =T or P = T; and in the second: [92P| < Cq (22)~G+12D/2 if C, is a suitable
constant. For vt > L? the r.h.s. is replaced by Co L~ GH|2D (12 /p)lal/2,
(Idea: In the case of I this is a simple direct check. So we can assume that the (3.3.22)
holds for I". Note that the second term in T' (c.f.r. (3.3.20)) is not proportional to I'; it
can, however, be thought of as the convolution product between the derivatives 9;0; G
of the Green’s function of the Laplace operator and T', c.f.r. (3.3.22). Then study

0;0;G xI'(z,t) = 0;0; / Gz —y)T(y,t)dy (3.3.60)
Q

2/ febbraio/2007; 19:36



192 §3.3: Leray theory, (d = 3)

with |z|, |¢| small and consider only the term n = 0 in (3.3.59), because the others
contribute a correction of class C° in z. Again we can replace G(z) with —1/4r|z| since
G(z) = 7ﬁ” +v(z) and v(z) is of class C*® for |z| small and with derivatives trivially

bounded proportlonally to L=3~12l  ¢.fr. problems [2.3.12]+[2.3.14].
Hence, if t > 22 and if the constants C, C|a|42 are suitably chosen we use the bound

(3.2.22) for T

e Y 2 /4t dy
828, c
| /|zfy| VAt dyl < ‘a‘+2/|z yl (2 + 1) HiaD 2

1
1 2
=< Clg\+2</ '+/ ) <O Granz +/ - <
lyl<2|z] ly|>2|z] ly|>2|z]

3
<c? ! + Ty < i
= +3+1al)/2 lyl(y? + t)BHaD/2) ) = ¢B+laD/?

If instead ¢ < z? divide the integral in the part |y| < |z|/8 and in the part with |y| >

|z|/8. The second part can be bounded as needed (change variable y’ = %

to get

d ’
< |~ GFlaD f ‘e_gy,‘ |g’|*(5+|2‘)7 if e is the unit vector z/|z|). Therefore it remains

dy —y2 /4t
. o+2 e .
to study: f\y\<|w\/8 =) Wrrak Note that the integral can be performed by
parts generating various terms, on the boundary of the sphere |y| = |z|/8, which can be

majorized by their maximum (on the sphere). One obtains quantities proportional to
expressions like

—y?/4t
/ door1 L _plalszop @0 17 /3 ) <
\g\=|£|/8 |I _y| 47t

|z 1
|z|P (22 4 t)B+lal+2-p)/2

< const < const|z|(I2/+3)

where we denote, generically, by 8l2/+2=P and 9P a derivative with respect to the com-
ponents of y and of order |a| + 2 — p or of order p).

Furthermore one has to consider the volume integral. This involves a sum of quanti-
ties bounded by const|z — y|*|g‘*3 i.e. by const |z|~121=3 (as ly] < |z|) multiplied by

2

e ¥ /4t/(47rt)3/2. Hence by using that the integral of the heat kernel, as y varies in
the whole space, has value 1, we find that the part with ¢ < z2 is also bounded by
const|z|~12/=3. Hence the (3.3.22) follow).

[8.8.11]: (proof of proposition V) Referring to the first of (3.3.22) consider the second
of (3.3.44) and prove that, if |F| < M, the (3.3.45) holds. An analogous analysis holds
for the first of the (3.3.44). (Idea: For instance let P =T and note: |V (z,t) — V(z/,t)| <

f; fﬂ |0;T(z —y,t—71) —9;T'(z' —y,t—7)|M dy dr. Decompose the integral into the sum
of the integrals extended to the domain |y — (z+2")/2| < |z — 2’| and to its complement.
The first integral is bounded by majorizing the modulus of the difference by the sum of

the moduli and making use of (3.3.22) to bound each of the two terms (performing first
the integral over 7 and then that on y).

. . ; t B 9
If B is a suitable constant we get: < 2MC1 fo f‘y|<2‘z I,I(y +t—7)"?dydr <
2MC1B|z — z'|. On the other hand the integral over |y — (z 4 z')/2| > |z — z'| is simply

bounded by applying Taylor formula to the integrand majorizing it by fol do |00;T(z +
o(z’ —z) —y,t — 7)| |’ — z| and applying then the (3.3.22) to estimate the expression

2/ febbraio/2007; 19:36



§3.4: Fractal dimension of singularities, (d = 3) 193

dy d
ItL.Weget

: ; ’
with the gradient as < MCs|z’ — z| f M e—e:

ly|>|z'—=z|/2

L
d 2L
gMCz\glfg\-B/ —y<MczB|:rf:r|log7/
o —al/2 ¥ |z — 2]

if B, B’ are suitable constants; and this also shows what we wanted in the case P = T
(because the proof depends only on (3.3.22)) and it estimates K, which we thus see that
can even be chosen independent of t, furthermore the Holder exponent % in Proposition
5 can be replaced by any n with n < 1.)

[8.8.12]: (proof of proposition VI) suppose that F' is Holder continuous with exponent
« > 0, i.e. suppose that, for a fixed 0 < a < 1,

‘F(g’ t) — F(g/)t)‘

|F(z,t)] + (L=Yz — /|

< M, (3.3.61)

Then show that the function V' in the second of (3.3.44) is differentiable if P = I" and
verifies (3.3.46), (the case P = T will be identical because we shall use only (3.3.22)).
Analogously deduce the validity of (3.3.46) for the first of the (3.3.44). (Idea: Differen-
tiability can be studied by evaluating the differential ratio in the direction of the unit
vector e

V(z +ee,t) —
€

A=

iz ) :/ /1(3jr(z+€g—y,t—7)—ajr(g—y,t—f))F(w)
0o Ja ¢ - - -

and noting that if F(y,T) was replaced by F(z,t) the second member would vanish, by
integration by parts. Hence

/df/ dy (OjT(z+ee—y,t —7) = ;T (z -y, t —7))(F(y,7) — F(z,7))

Divide the integral into the part over |g — x| < €, B < 1 and in the remainder choosing

B so that B(1+ «) > 1, if « is the Holder continuity exponent. The contribution to A of
the term with |y — z| < &” is then estimated by

2 C: _
A<= 2 Maly — z|* dydr < CoMye telte)s —=o°0
alzaes (2= 9P+ (E—7)?

with suitable C, having separately bounded the 9;T", via (3.3.22).
While the contribution to the integral coming from \g — z| > £P can be estimated by
using the Taylor formula to write the integral as

1
Z/ dcrd‘r/ dyoil'(z—y+oee, t—71)(F(y,7) — F(z,7))e; (3.3.62)
; V0 ly—z|>eP

And note that the integrand is bounded, for all the ¢, e (since |z —y| > e? > ¢ because
B < 1 and by using again the (3.3.21)), by: (%@ —g|2 +t— T)*S/QMOAQ — z|%, i.e. by
an e—independent function whose integral is

Maly —z|*dy 3
_ . |—-3+a a
/ dT/ % 2+t—7-)5/2 < Ma\x y| dy < CaMyL® < 0o
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hence the integral that expresses the differential ratio is uniformly convergent in £ and,
therefore, it is possible to take the limit in (3.3.62) under the integral sign to evaluate
the limit as e — 0. Thus V is differentiable and its derivative is given by 9;V (z,t) =
f dr fQ dy 0;5T(z — y,t — 7)(F(y,7) — F(z,7)) and [0;V (z,t)| < CaMaL®, (note that
the integral is convergent and bounded as described by the preceding majorizations).

Bibliography: Leray’s theory, exposed in this section, is taken from [Le34].
Proposition VII is taken from [CF93] where it is discussed for bounded
vorticity solutions in R® rather than in a cubic container with periodic
boundary conditions.

§3.4 Fractal dimension of singularities of the Navier—Stokes equa-
tion, d = 3.

Here we ask which could be the structure of the possible set of the singu-
larity points of the solutions of the Navier—Stokes equation in d = 3.

We have already seen in §3.3 that the set of times at which a singularity
is possible has zero measure (on the time axis).

Obviously sets of zero measure can be quite structured and even large
in other senses. One can think to the example of the Cantor set which
is non denumerable and obtained from an interval I by deleting an open
concentric subinterval of length 1/3 that of I and then repeating recursively
this operation on each of the remaining intervals (called n—th generation
intervals after n steps); or one can think to the set of rational points which
is dense.

(A) Dimension and measure of Hausdorff.

An interesting geometric characteristic of the size of a set is given by the
Hausdorff dimension and by the Hausdorff measure, c.f.r. [DS60], p.174.

1. Definition (Hausdorff a-measure): The Hausdorff a-measure of a set
A contained in a metric space M is defined by considering for each § > 0 all
coverings Cs of A by closed sets F with diameter 0 < d(F) < § and setting

ta(A) = }136 1&f d(F) (3.4.1)

Remarks:

(1) The limit over § exists because the quantity infe, ... is monotonic non-
decreasing.

(2) It is possible to show that the function defined on the sets A of M by A —
1o (A) is completely additive on the smallest family of sets containing all
closed sets and invariant with respect to the operations of complementation
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and countable union (which is called the o-algebra ¥ of the Borel sets of
M), c.f.r. [DS60].

One checks immediately that given A € 3 there is a a. such that

ta(A) =00 if a<ae (3.4.2)
pha(A) =0 if a>a. o

and it is therefore natural to set up the following definition

2. Definition (Hausdorff measure and Hausdorff dimension): Given a
Borel set A C R? the quantity o, (3.4.2), is called Hausdorff dimension of
A, while ps,(A) is called Hausdorff measure of A.

It is not difficult to check that

(1) Denumerable sets in [0, 1] have zero Hausdorff dimension and measure.
(2) Hausdorff dimension of n-dimensional regular surfaces in R is n and,
furthermore, the Hausdorff measure of their Borel subsets defines on the
surface a measure p,, that is equivalent to the area measure p: namely
there is a p(x) such that p,, (dz) = p(x) p(dz).
(3) The Cantor set, defined also as the set of all numbers in [0, 1] which
in the representation in base 3 do not contain the digit 1, has Hausdorff
dimension

. = logg 2 (3.4.3)

Indeed with 2™ disjoint segments with size 37", uniquely determined (the
n—th generation segments), one covers the whole set C; hence

fos < inf Y dF)* <1 if a=ag=logy2 (3.4.4)
Cs FeCs

and fia, (C) < 1t d.e. po(C) = 0 if @ > ag. Furthermore, c.f.r. problem
[3.4.3] below, if & < ay one checks that the covering C° realizing the smallest
value of >, o d(F)* with § = 37" is precisely the just considered one
consisting in the 2" intervals of length 37" of the n—th generation and the
value of the sum on such covering diverges for n — oo. Hence p,(C) = o0
if & < ag so that ag = a. and pq, (C) = 1.

(B) Hausdorff dimension of singular times in the Navier—Stokes solutions

(d=3).

We now attempt to estimate the Hausdorff dimension of the sets of times
t < T < oo at which appear singularities of a given weak solution of Leray,
i.e. a solution of the type discussed in §3.3, definition 2, (E). Here T is an
a priori arbitrarily prefixed time.

For simplicity we assume that the density of volume force vanishes and
we recall that in §3.3 we have shown that if at time ¢g it is Jy(tg) =
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L7 [(9u)?dz < oo, i.e. if the Reynolds number R(ty) = Ji(to)'/?/V. =

Vi /Ve, c.for. (3.3.13), is < 400, then the solution stays regular in a time
interval (g, to + 7] with (see proposition II in §3.3):
T,

—F 4.
T Rto) F R2+ 1 (3:45)

From this it will follow, see below, that there are A > 0,7 > 0 such that if

t
1iminf(%)7/ W 29y < A (3.4.6)
t

o—0 ¢ s O

then 7 > ¢ and the solution is regular in an interval that contains ¢ so that
the instant ¢ is an instant at which the solution is regular. Here, as in the
following, we could fix v = 1/2: but ~ is left arbitrary in order to make
clearer why the choice v = 1/2 is the “best”.

We first show that, indeed, from (3.4.6) we deduce the existence of a se-
quence o; — 0 such that

/t ﬁ}f@g) < A(ﬁ)ﬂ (3.4.7)

—o; Oi T

therefore, the Lh.s. being a time average, there must exist Jg; € (t — 0y, t)
such that
2 giNT

R2(00i) < A<f) (3.4.8)
and then the solution is regular in the interval (d¢;, Jo; + 7;) with length 7;
at least

(01/Tc)*

A2+ R(o, /T

7 =FT, > 0; (349)
provided v < 1/2, and o; is small enough and if A is small enough: if v = %
we take A% = %F , for instance. Under these conditions the size of the
regularity interval is longer than o; and therefore it contains t itself.

It follows that, if ¢ is in the set S of the times at which a singularity is
present, it must be

t
lim inf (%)W/ Dpewy>4 ittes (3.4.10)
t—o

o—0 c o

i.e. every singularity point is covered by a family of infinitely many intervals
F with diameters o arbitrarily small and satisfying

/tt(, 49 B (9) 2 é”(%)ﬂ (3.4.11)

From Vitali’s covering theorem (c.f.r. problem [3.4.1]) it follows that, given
d > 0, one can find a denumerable family of intervals F}, Fs, ..., with F; =
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(t; — 04, t;), pairwise disjoint and verifying the (3.4.11) and o; < §/4, such

that the intervals 5F; e (t; — 70:/2,t; + 50;/2) (obtained by dilating the

intervals F; by a factor 5 about their center) cover S

S C U;5F; (3.4.12)

Consider therefore the covering C generated by the sets 5F; and compute
the sum in (3.4.1) with a =1 —:

S() =5 ()<

K3 7

2 1—v 2 1—~ T
< 5A Z/ d9 R?(9) < 5A /dq?R2(19)<oo
i 0

(3.4.13)

where we have made use of the a priori estimates on vorticity derived in

(3.3.8), and we must recall that v < 1/2 is a necessary condition in order
that what has been derived be valid (c.f.r. comment to (3.4.9)).

Hence it is clear that for each a > 1/2 it is puo(S) < oo (pick, in fact,
a = 1—r, with v < 1/2) hence the Hausdorff dimension of S is a, <
1/2. Obviously the choice that gives the best regularity result (with the
informations that we gathered) is precisely v = 1/2.

Moreover one can check that ji;/2(S) = 0: indeed we know that .S has zero
measure, hence there is an open set G O S with measure smaller than a
prefixed . And we can choose the intervals F; considered above so that
they also verify F; C G: hence we can replace the integral in the right
hand side of (3.4.13) with the integral over G hence, since the integrand is
summable, we shall find that the value of the integral can be supposed as
small as wished, so that 1/2(5) = 0.

(C) Hausdorff dimension in space—time of the solutions of NS, (d = 3).

The problem of which is the Hausdorff dimension of the points (x,t) €
Q x [0,7] which are singularity points for the Leray’s solutions is quite
different.

Indeed, a priori, it could even happen that, at one of the times t € S
where the solution has a singularity as a function of time, all points (z,t),
with z € Q, are singularity points and therefore the set Sy of the singularity
points thought of as a set in space-time could have dimension 3 (and perhaps
even 3.5 if we take into account the dimension of the singular times discussed
in (B) above).

With some optimism one can think that a version “local in space” of Leray’s
theorem, see proposition II of §3.3 which is “only local in time”, holds.
Under the influence of such wishful thought we then examine what we can
expect as an estimate of the Hausdorff dimension of Sj.

The notions of characteristic time T, of characteristic velocities V., Vi, Wy,
of characteristic acceleration v/Gyg, of characteristic size of the forcing R,,
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introduced in §3.3 and playing a major role in the development of the the-
ory of L—weak solutions of Leray, were “global” notions in the sense that
they were associated with properties of the whole fluid in 2 and were not
associated with any particular point or subregion of (2.

These notions can be “localized”, i.e. given a different meaning at different
points of €2, in a rather naive way: namely given z € ) and a length scale r
we can imagine that the whole fluid consists of the part that is contained in
a ball S(z,r) of radius r around z and then define the various characteristic
scales by replacing the container size L by r and the container (2 with
S(z,r). Thus regarding a small fluid volume as in some way similar, apart
from obvious scaling, to a large one is the natural idea behind the following
definitions and the guesses that they inspire: it is an idea that already
proved fruitful in the discussion of “large containers” in §3.3, (G).

Consider a time ¥ and define the local Reynolds number on scale r at
time ¥ as the ratio between a quantity characterizing the velocity variation
on scale r, near z, and a characteristic velocity V., associated with the
geometric dimension r, c.f.r. (3.3.1), (3.3.13). It will be the ratio between

Vi = (r—1 fs@’r) (Qy)2d§)1/2 and V., = vr~! namely
de Vr T
B ) =5 [ e <o (3.4.14)

where S(z,r) is the sphere of radius r and center z.

Likewise, in analogy with (3.3.13), we can define the “local” strength
of the forcing by “localizing” the definition in (3.3.13). Let Go, =
r=3 fS(m,r) lg(z)|* dz be a local acceleration scale; let We, be the corre-

sponding local velocity scale W, = T,../Go, with T, = r?v=1, see (3.3.1),
(3.3.13), and let the dimensionless strength R, of the forcing be

def Wor Tcr\/GO'r . ﬁ (ng/

s

[ R

1/2
lg(x) *dz) (3.4.15)
(z.r)

hence since we take g to be smooth it is Rgr < C§2r6u_4 where C is a
geometric constant and g is an estimate of the maximum of the density of
volume force g.

Guess: A “local version” of the Leray theorem in question, see Proposition
IT in Sect. §3.3 and remark (2) following it, “could” say that, under the
condition (3.4.14) the solution is regular in the space—time region

F

T e S(g, 7") and te (19,19 + Tcr n’lin(].7 m))

(3.4.16)

Obviously such a statement is very strong, far from proven in the analysis
that we performed until now, and somewhat surprising: in fact since the
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fluid is incompressible sound waves propagate at infinite speed and therefore
one can fear that a singularity that at time t is at a position £ far from z
could arrive, in an arbitrarily short time, near z, even though no singularity
was present near x at time f.

On the other hand it does not seem absurd that (3.4.14) or something
similar to it implies (by the temporarily assumed validity of a space—local
version of Leray theorem) regularity in z for a short successive time because
it is also difficult that the wave associated with the singularity far away from
z does not dissolve right away because of the friction. After all the theorem
of Leray—Serrin, c.f.r. §3.3, excludes the possibility of real shock waves in
an incompressible NS fluid.

Assuming, still temporarily, that (3.4.14) implies regularity of the solution
in the vicinity of the points (z,t) with ¢ € (9,9 + FTe.(R}(9) + RZ,)™)
see (3.4.16) above, then we can use the ideas already used to estimate the
time-singularities measure.

Indeed if regularity of u holds in the vicinity of z, 9 it follows (just from the
regularity of u) that lim, .o % ﬂt_rz/y dIR2(9) = 0 (because R?(¢9) would
have size O(r?)).

Viceversa if the implication of (3.4.14) on regularity in the space-time set
specified in (3.4.16) around z and in the time intervals (9,9 — r?v~!) is ac-
cepted (keep in mind, however, that it is a property that we are considering
for the sake of establishing some intuition about what should be attempted
in the coming analysis), we could argue as follows.

Suppose knowing that

t
lim sup / dIR2(0) < e (3.4.17)
r—0 T t—r2/v
for some € > 0. Then a sequence r; — 0 would exist such that
t
v 2
— / dVR; (V) < ¢ (3.4.18)
L t—r?/v

Hence, the latter expression being a time average, a time 9; € (¢,t —rZv=1)
would exist where R(1;)? < e and also, by the regularity of the external
force g, R2. < C?g*rv=" < &* if r; is small enough.

So that regularity would follow in the vicinity of

r2

z X (9i,9; + 71) (3.4.19)

hence in (x,t), provided 2~ Fe=2 > 1 as a consequence of the “guess” above.
It would follow that the set Sy of the space—time singularity points could
be covered by sets C,. = S(z,r) x (t —r?v~1,t] with r arbitrarily small® and

1 Note that in order that this be true it suffices to require the validity of (3.4.17) with
the lower limit only: here we require the upper limit because, as we shall see in the
following, the (3.4.17) is, in the latter more restrictive form, closer to the property that
one can really prove.
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will be such that

1 t
— dﬂ/ dz (Qu)? > ¢ (3.4.20)
r2y—1 z,r)

TV Ji—

which is the negation of the property in (3.4.17).

Again by a covering theorem of Vitali (c.f.r. problems [3.4.1],[3.4.2]), w
could find a family F; of sets of the form F; = S(z;,r;) x (t; — v~ 1r? t]
pairwise disjoint and such that the sets 5F;= set of points (z’,¢") such that
|2’ — x;| < 5r; and [t —t; — v~ 3r2| < v71(5r;)? covers the singularity set
S0.2 One could then estimate the sum in (3.4.1) for such a covering, by
using that the sets F; are pairwise disjoint and that 5F; has diameter, if
max r; is small enough, not larger than 11r;:

Znn < Z/ d§dt<—/ /au )2d€dt < oo (3.4.21)

i.e. the 1-measure of Hausdorff p;(Sp) would be < co hence the Hausdorff
dimension of Sy would be < 1.

Since Sy has zero measure, being contained in Q x S where S is the set
of times at which a singularity occurs somewhere, see (3.4.10), it follows
(still from the covering theorems) that in fact it is possible to choose the
sets F; so that their union U is contained into an open set G which differs
from Sy by a set of measure that exceeds by as little as desired that of Sy,
(which is zero); one follows the same method used above in the analysis of
the time-singularity. Hence we can replace the last integral in (3.4.21) with
an integral extended to the union U of the F/s: the latter integral can be
made as small as wished by letting the measure of G to 0. It follows that
not only the Hausdorff dimension of Sy is < 1, but also the p;(Sp) = 0.

Remark: One could in this way exclude that the set Sy of the space-time
singularities contains a regular curve: singularities, if existent, cannot move
along trajectories (like flow lines) otherwise the dimension of S would be
1> 1/2) nor they can be distributed, at fixed time, along lines and, hence,
in a sense they must appear isolates and immediately disappear (always
assuming their real existence).

Going back to the basic assumption behind the above wishful® reasoning,
we realize that the condition (3.4.16) can be replaced, for the purposes of the
argument discussed above and to conclude that the Hausdorff 1-measure of
So vanishes, by the weaker statement in (3.4.17) with ¢ small enough, that
implies regularity in (z,t).

2 Here the constant 5, as well as the other numerical constants that we meet below like
5,11 have no importance for our purposes and are just simple constants for which the
estimates work.

3 Being based on the guess above.
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Or, with an obvious modification of the argument discussed above, it would
suffice that the regularity in (z,t) was implied by a relation similar to
(3.4.17) in which the cylinder S(z,r) x (t —r?v~1,#] is replaced by a similar
cylinder with (z,t) in its interior, i.e. if the regularity was implied by a
relation of the type

y t+r2/2u
lim sup — / R.(9)* <, or
¢

r—0 r2

—r2/2v
. (3.4.22)
limsupr™ / / — d§ (0u)? <
r—0 r2/2v (z,y) V T

with € small enough.
The latter property can be actually proved to hold [CKN82]: it will be
discussed in detail in §3.5.

Remark: A conjecture (much debated and that I favor) that is behind all
our discussions is that if the initial datum u® is in C>°(Q) then there exists

a solution to the equation of Navier Stokes that is of class C* in (x,t)”,
i.e. S() = @'

The problem is, still, open: counterexamples to the conjecture are not
known (i.e. singular weak solutions with initial data and external force of
class C*°) but the matter is much debated and different alternative conjec-
tures are possible (c.f.r. [PS87]).

In this respect one should keep in mind that if d > 4 it is possible to show
that not all smooth initial data evolve into regular solutions: counterexam-
ples to smoothness can indeed be constructed, c.f.r. [Sc77].

Problems.

[8.4.1]:  (covering theorem, (Vitali)) Let S be an arbitrary set inside a sphere of R™.
Consider a covering of S with little open balls with the Vitali property: i.e. such that
every point of S is contained in a family of open balls of the covering whose radii have a
zero greatest lower bound. Giben n > 0 show that if A > 1 is large enough it is possible
to find a denumerable family Fj, Fs,... of pairwise disjoint balls of the covering with
diameter < 7 such that U;AF; D S where AF; denotes the ball with the same center of
F; and radius A times longer. Furthermore A can be chosen independent of S, see also
[3.4.2]. (Idea: Let F be the covering and let a = mazz diam(F). Define a, = a2~
and let F1 be a mazimal family of pairwise disjoint ball of F with radii > a2~! and
< a. Likewise let F5 be a maximal set of balls of F with radii between a2~2 and a2~1!
pairwise disjoint between themselves and with the ones of the family F;. Inductively
we define Fi,...,Fg,.... It is now important to note that if x & UpFi it must be:
distance(z, Fi,) < Aa2~F for some k, if X is large enough. If indeed § is the radius of a
ball S5 containing z and if a2~%0 < § < a2~ %0+ then the point of S5 farthest away from
x is at most at distance < 28 < 4a27%0; and if, therefore, it was d(z, Fi,) > 402~ ko
we would find that the set Fj, could be made larger by adding to it Ss, against the
maximality supposed for Fy.)

[8.4.2]: Show that if the balls in [3.4.1] are replaced by the parabolic cylinders which
are Cartesian products of a radius r ball in the first k coordinates and one of radius r<,
with @ > 1 in the n — k remaining ones, then the result of problem [3.4.1] still holds if
one interprets AF; as the parabolic cylinder obtaine by applying to F; a homothety, with
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respect to the center of Fj, of scale A on the first k coordinates and A2 on the others.
Check that if & = 2 the value A = 5 is sufficient.

[8.4.8]: Check that the Hausdorff dimension of the Cantor set C'is logs 2, c.f.r. (3.4.3).
Idea: It remains to see, given (3.4.4), that if & < g then pa(C) = co. If § = 37" the
covering Cy, of C with the n—th generation intervals is “the best” among those with sets
of diameter < 37" because another covering could be refined by deleting from each if
its intervals the points that are out of the n—th generation intervals. Furthermore the
inequality 1 < 2-37¢ for o < logz 2 shows that it will not be convenient to further
subdivide the intervals of C,, for the purpose of diminishing the sum E |F;]*. Hence for
6 = 37" the minimum value of the sum is 237 "% ;=5 co.

Bibliography: See [DS60], vol. I, p. 174, (Hausdorff dimension and mea-
sure); [Ka76] p. 74, (Vitali covering); see also [DS60]; [Sc77],|CKN82] (frac-
tal dimension of the singularities).

§3.5 Local homogeneity and regularity. CKN theory.

The theory of space—time singularities, i.e. the proofs of the statements
that have been heuristically discussed in §3.4, will be partly based upon
simple kinematic inequalities, which therefore have little to do with the
Navier—Stokes equation, and partly they will be based on the local energy
conservation which follows as a consequence of the Navier—Stokes equations.
We suppose that the volume ) is a 3-dimensional torus (i.e. we assume
“periodic” boundary conditions) and that the initial datum is C*°.

(A) Energy balance for weak solutions.

Energy conservation for the regularized equations (3.3.2) says that the
kinetic energy variation in a given volume element A of the fluid, in a time
interval [to,t1], plus the energy dissipated therein by friction, equals the
sum of the kinetic energy that in the time interval ¢ € [to,¢1] enters in
the volume element plus the work performed by the pressure forces (on the
element boundary) plus the work of the volume forces (if any), c.f.r. (1.1.17).
The analytic form of this relation is simply obtained by multiplying both
sides of the first of the (3.3.2) by u and integrating on the volume element
A and over the time interval [to, t1].

The relation that one gets can be generalized to the case in which the
volume element has a time dependent shape. And an even more general
relation can be obtained by multiplying both sides of (3.3.2) by (z, t)u(z, )
where ¢ is a C°°(Q x (0, s]) function with ¢(x,t) zero for ¢t near 0 (here s
is a positive parameter).

The preceding cases are obtained as limiting cases of choices of ¢ in the
limit in which it becomes the characteristic function of the space—time vol-
ume element A X [to, t1]. Making use of a regular function (z,t) is useful,
particularly in the rather “desperate” situation in which we are when us-
ing the theory of Leray, in which the “solutions” u (obtained by removing,
in (3.3.2), the regularization) are only weak solutions and, therefore, the
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relations that are obtained can be interpreted as valid only after suitable
integrations by parts that allow us to avoid introducing derivatives of u
(whose existence is not guaranteed by the theory) at the “expense” of dif-
ferentiating the “test function” .

We shall assume the absence of volume forces: this is a simplicity assump-
tion as the extension of the theory to cases with time independent smooth
(e.g. C*°) volume forces is trivial.

Performing analytically the computation of the energy balance, described
above in words, in the case of the regularized equation (3.3.2) and via a few
integrations by parts! we get the following relation

3 | ddutePetes)+v [ [ e oloutepas - o)

S Il
:/ / [§(<Pt+VA<P)|Q‘2+m|2<g>)\.gw+pﬂ.g(p} dt dg
0 Q

where ¢; = 0y and u = u” is in fact depending also on the regularization
parameter \; here p is the pressure p = — Zij AT19,0;(ujuy).

Suppose that the solution of (3.3.2) with fixed initial datum u, converges,
for A — o0, to a “Leray solution” u, described in (E) and definition 2 of
83.3, possibly over a subsequence A, — oo.

The (3.5.1) implies, see below, that (any, in case of non uniqueness) Leray
solution w verifies the energy inequality:

] 1 = (3.5.2)
— 2 2 . )
S/tgs/ﬁ [2(90t+1/A90)|H| + |ul“u - dp+pu @P] dg dt

where the pressure p is given by p = — 3, AT19;0;(ujuj) = —A710 O(uw)
= A Qu).

Remarks:

(1) It is important to note that in this relation one might expect the equal
sign =: as we shall see the fact that we cannot do better than just obtaining
an inequality means that the limit necessary to reach a Leray solution can
introduce a “spurious dissipation” that we are simply unable to understand
on the basis of what we know (today) about the Leray solutions.

(2) The above “strange” phenomenon reflects our inability to develop a
complete theory of the Navier-Stokes equation, and it is possible to con-
jecture that no other dissipation can take place and that a (yet to come)
complete theory of the equations could show this. Hence we should take

1 As discussed in §3.3 the solutions of (3.3.2) are C*°(Q x [0, 00)) so that there is no need
to justify integrating by parts.
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the inequality sign in (3.5.2) as one more manifestation of the inadequacy
of the Leray’s solution.

(B) General Sobolev’s inequalities and further a priori bounds.

The proof of (3.5.2) and of the other inequalities that we shall quote and
use in this section is elementary and based, c.f.r. problem [3.5.15] below,
on a few general “kinematic inequalities” that we now list (all of them will
be used in this section although to check (3.5.2) only (S) and (CZ) are
employed)

(P) Poincaré inequality:

J

where F is the average of f on the ball B, with radius r and CF is a suitable
constant. We shall denote (3.5.3) by (P).

(3.5.3)

N W

dxlf—F|°“§C§r3‘2“(/ dx|8f|> , 1<a<
BT

r

(S) Sobolev inequality:

/B ul?dz < CF | (/Br<ay)2dx>“. (/B |u2dx>q/“+
+ 2 (/B Iqua:)(I/Q}

T

(3.5.4)

if2<¢g<6, a= %(q —2), where B, is a ball of radius r and the integrals
are performed with respect to dz. The C’;ZS is a suitable constant; the second
term of the right hand side can be omitted if u has zero average over B,..

We shall denote (3.5.4) by (S), [So63].

(CZ) Calderon—Zygmund inequality:
/|Z A19;,0;)( ulu])\qd§<C’L/ u|?d¢, 1<g<oo  (3.5.5)

which we shall denote (CZ): here Q is the torus of side L and C’qL is a suitable
constant, [St93].

(H) Hélder inequality:

‘/flfz---fn §1j[1<

which we shall denote (H): the integrals are performed over an arbitrary
domain with respect to an arbitrary measure.

n

Pi) . Y 1o (3.5.6)

p—
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Remarks:

The (H) are a trivial extension of the Schwartz-Holder inequalities; while

(S) and (P) (mainly in the cases, important in what follows, ¢ = 6 and

o= %) and (CZ) are less elementary and we refer to the literature, footnote

at p.43 [So63], [St93], and p. 213, 219 of [LLO1].

A proof of (3.5.2), given the (3.5.3)+(3.5.6), is illustrated in problem [3.5.1].
Another important consequence of the inequalities is

I Proposition: Let u be a Leray solution verifying (therefore) the a priori
bounds in (3.8.8): [, lu(z,t)]*dz < Ey and fOT dt [, 10u(z,t)|* dz < Eqv~!

then
T T
/ dt | da|u**? +/ dt | dx|p|?® < CZ/_lES/B (3.5.7)
0 Q 0 Q

where C' can be chosen 015?0 1+ Cé)

proof: Apply (S) with ¢ = % and a = 1:

/Q|Q|13*Udz <C%h </Q(5y)2 clfv)1 : (/Qu2 dﬂc)g1 < 555)

<5 E: [ 9u?
3 0 ~
Q

hence integrating over ¢ between 0 and T using also the second a prior:
estimate, we find

T 2 T 2
/ dt/ M%c@gciEg/ dt/ da (u)? < CSHV'E,TS  (3.5.9)
0 Q 3 0 Q 3

while the (CZ) yields: [, dz |p|3 < Cé o da [u| 3 which, integrated over ¢

and combined with (3.5.9), gives the announced result.
(C) Pseudo Navier Stokes velocity—pressure pairs. Scaling operators.

As already mentioned the CKN theory will not fully use that u verifies the
Navier—Stokes equation: in order to better realize this (unpleasant) property
it is convenient to define separately the only properties of the Leray solutions
that are really needed to develop the theory, i.e. to obtain an estimate of
the fractal dimension of the space—time singularities set Sy. This leads to
the following notion

1. Definition (pseudo NS wvelocity field): Let t — (u(-,t),p(-,t)) be a
function with values in the space of zero average square integrable “velocity”
and “pressure” fields on Q. Suppose that for each ¢ € C*(Q x (0,T]) con
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o(x,t) vanishing for t near zero the following properties hold. For each
T <ooands<T:

(a) /u@:Q 2-u=0, ZaﬁA (uiuy)

/ dt/dm|u|10/3 / dt/d:v Ip|>/? < o0 (3.5.10)

(c) 2/dm|u(m 8)[2o(x, s) +V/ / (,1)|0u |Pdzdt <
S/ / *(<pt+VA<p)m|2+f\g|2u-8ap—|—pu-8(,0 dz dt
<o l2 gl e Le TP

Then we shall say that the pair (u,p) is a pseudo NS wvelocity and pressure
pair. The singularity set of (u,p) will be defined as the set Sy of the points
(x,t) € Q x [0,T)] that do not admit a vicinity U where |u| is bounded.?

The remaining part of this section will concern the general properties of
the pseudo NS pairs and their regularity at a given point (z,t): it will not
have more to do with the velocity and pressure fields that solve the Navier—
Stokes equations. It is indeed easy to convince oneself that the (3.5.10), in
spite of the arbitrariness of ¢ are not equivalent, not even formally, to the
Navier—Stokes equations, and they pose on u, p restrictions far less severe.
We should not be surprised, therefore, if it turned out possible to exhibit
pseudo NS pairs that really have singularities on “large sets” of space—
time. In a way it is already surprising that the pseudo NS fields verify the
regularity properties discussed below.

The analysis of the latter properties (of pseudo NS fields) is based on the
reciprocal relations between certain quantities that we shall call “dimen-
sionless operators’ relative to the space—time point (z, to)

2 Definition: (dimensionless “operators” for NS) Let (zy,to) € 2 x (0, 00)
and suppose

Ay (to) ={t| |t —to| < 7?1}
B (zg) ={§|1§ —zo| <7} = B,
Qr(zg; to) ={(& ) 1§ — zo| <7, [0 —to] < w71} =
=A.(to) x Br(zg) = Qr

(3.5.11)

define:3

2 Here we mean bounded outside a set of zero measure in U or, as one says, essentially
bounded because it is clear that, being u, p in L2(f2), they are defined up to a set of zero
measure and it would not make sense to ask that they are bounded everywhere without
specifying which realization of the functions we take.

3 If r > L/2 this is interpreted as B, = Q.
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(i) “dimensionless kinetic energy operator” on scale r:

A(r) = L sup /B lu(€, t)|2d§ (3.5.12)

2
ver |t—tg|§u717‘2

and we say that the dimension of A is 1 : this refers to the factor r—' that
is used to make the integral dimensionless.
(i) “local Reynolds number” on scale r:

6(r) = % ; dvdg |0 ul? (3.5.13)

and we say that the dimension of § is 1 : this refers to the factor r—! that
is used to make the integral dimensionless.
(i) “dimensionless energy flux” on scale r:

1
Gr) = s /Q 494 |uf® (3.5.14)

and we say that the dimension of G is 2: this refers to the factor r—2 that
is used to make the integral dimensionless.
(iv) “dimensionless pressure power” forces on scale r:

1
J(r) = W/Q d€dd |ul [p| (3.5.15)

and we say that the dimension of J is 2 : this refers to the factor r—2 that
is used to make the integral dimensionless.
(v) “dimensionless non locality” on scale r:

K(r) = ’;ZL/A cw(/B Ip) d§)5/4 (3.5.16)

and we say that the dimension of K is 13/4: this refers to the factor p18/4
that is used to make the integral dimensionless.
(vi) “dimensionless intensity” on scale r:

S(r) = V’”g’r"”/?’/ (|u'%7% + [p|*/?)dvdg (3.5.17)

T

where the pressure is always defined in terms of u by the expression p =

-3 9;0; A" (uzuj). And we say that the dimension of A is 5/3: this

ij=1

refers to the factor r—5/3 that is used to make the integral dimensionless.
Remarks:
(1) The A(r), ... are not operators in the common sense of functional anal-

ysis. Their name is due to their analogy with the quantities that appear in
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problems that are studied with the methods of the “renormalization group”
(which, also, are not operators in the common sense of the words). Per-
haps a more appropriate name could be “dimensionless observables”: but
we shall call them operators to stress the analogy of what follows with the
methods of the renormalization group.

(2) The A(r),G(r),J(r), K(r), S(r) are in fact estimates of the quantities
that their name evokes. We omit the qualifier “estimate” when referring to
them for brevity.

(3) The interest of (i)+(iv) becomes manifest if we note that the energy in-
equality (3.5.10) can be expressed in terms of such quantities if ¢ is suitably
chosen. Indeed let

2

R 1 i),

(4 (t — to) + 8mr2)3/2

¢ =x(z,1) (3.5.18)

where x(z,t) is C°° and has value 1 if (z,t) € Q,/2 and 0 if (2,t) & Q.
Then there exists a constant C > 0 such that

C C C
ol < 3 10| < vy |0vp + vAp| < 1,5 everywhere
1 .
|90| > W» if (Qa t) 3 QT/Q
(3.5.19)
Hence (3.5.10) implies

v . i, 1 1 1

S AB) +a(3) sc(ylrg)/cg '“'2+7~4/Q '“3+7«4/Q ullp])

(3.5.20)
and, since [, lu? < C(Jo, lu|?)%/3(v=1r®)1/3 with a suitable C, it follows

that for some C
A(5) +6(5) < C (G(r)* + G(r) + (1)) (3.5.21)

(4) Note that the operator 6(r) is an average of the “local Reynolds’ number”
of §3.4, see (3.4.14), (3.4.22), which has therefore dimension 1 in the above
sense.

(5) The operator (v) appears if one tries to bound J(%) in terms of A(r) +
d(r): such an estimate is indeed possible and it leads to the following local

Scheffer theorem
(D) The theorems of Scheffer and of Caffarelli-Kohn—Nirenberyg.

We can state the strongest results known (in general and to date) about the
regularity of the weak solutions of Navier Stokes equations (which however
hold also for the pseudo Navier Stokes velocity—pressure pairs).

IT Theorem (upper bound on the dimension of the sporadic set of singular
times for NS, (Scheffer)): There are two constants 5,C > 0 such that if
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G(r) + J(r) + K(r) < &5 for a certain value of v, then u is bounded in
Q%@oﬂfO)-’

1/3
lu(z,t)| < Cgi , (z,t) € Qz(zg,t0), almost everywhere  (3.5.22)

having set v = 1.

Remarks: (1) c.f.r. problems [3.5.5]+[3.5.11] for a guide to the proof.

(2) This theorem can be conveniently combined, for the purpose of checking
its hypotheses, with the inequality: J(r) + G(r) + K(r) < C (S(r)*/10 +
S(r)3/*), which follows immediately from inequality (H) and from the defi-
nitions of the operators, with a suitable C.

(3) In other words if the operator S(r) is small enough then (zy,to) is a
reqular point.

(4) This implies, with the a priori bound (3.5.7), and by a repetition of
the analysis in §3.4, with the S(r) playing the role of(3.4.22), that the
fractal dimension of the space-time singularities set is < 5/3. In fact an
a priori estimate on the global value of an operator with dimension « im-
plies that the Hausdorff” measure of the set of points around which the
operator is large does not exceed a: in §3.4 the dimension 1 operator o(r),
i.e. (3.5.13) or (3.4.22), was used together with the a priori vorticity esti-
mate (3.3.8) (c.f.r. (3.4.21)) obtaining a Hausdorff’s dimension bound 1;
here the operator S(r) has dimension 5/3 and therefore together with the
a priori bound (3.5.7) it yields and estimate < 5/3 for the Hausdorff di-
mension of the singularity set. This also justifies the introduction of the
operator S(r).

It is now easy, in terms of the just defined operators, to illustrate the
strategy of the proof of the following CKN theorem (due to Caffarelli, Kohn,
Nirenberg, [CKN82]) which by the arguments in §3.4 (c.f.r. (3.4.22)) implies
in turn that the fractal dimension of the space time singularities set .Sy for a
pseudo NS field is < 1 and that its 1-measure of Hausdorft p(Sp) vanishes.

IIT Theorem: (upper bound on the Hausdorff dimension of the sporadic
singular points in space-time (“CKN theorem”)) There is a constant €cpp
such that if (u,p) is a pseudo NS pair of velocity and pressure fields and

1

Jim sup / Dua’,¢)2 da'dt’ = limsup 6(r) < copn  (3.5.23)
r—0 VT JQ, (1) r—0

then u(z', "), p(z',t') are C* in the vicinity of (z,t9).*

For fixed (zg,%0), consider the “sequence of length scales”: r, = L2", with
n=0,-1,—-2,.... Weshall set a, = A(ry,), kn, = KS/S, Jn = JIn, gn fGi/S,

4 This means that near (z,t) the functions u(z’,t'), p(z’,t') coincide with C> functions
apart form a set of zero measure (recall that the pseudo NS fields are defined as fields
in L2(9)).
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dp, = 6(ry,) which is a natural definition as it will shortly appear. And define
X,, = (n, Fn,jnygn) € RE. Then the proof of this theorem is based on a
bound that allows us to ebtlmate the size of X,,, defined as the sum of its
components, in terms of the size of X, provided the Reynolds number
On+p on scale n 4+ p is < 9.

The inequality will have the form, if p >0 and 0 < < 1,

X, <By(X, ;0) (3.5.24)

n+p’
where B, (+;9) is a map of the whole Ri into itself and the inequality has to
be understood “component wise”, i.e. in the sense that each component of
the Lh.s. is bounded by the corresponding component of the r.h.s. We call
|X| the sum of the components of X € Ri.

The map B,(-;6), which to some readers will appear as strongly related
to the “beta function” for the “running couplings” of the “renormalization
group approaches”,® will enjoy the following property

IV Proposition: Suppose that p is large enough; given p > 0 there exists
dp(p) > 0 such that if 6 < ,(p) then the iterates of the map By(+;9) contract
any given ball in R , within a finite number of iterations, into the ball of
radius p: i.e. |B§(K 0)| < p for all large k’s.

Assuming the above proposition theorem III follows:

proof of theorem III: Let p = ¢4, c.f.r. theorem II, and let p be so large that
proposition IV holds. We set i = 6,(e5) and it will be, by the assumption
(3.5.23), that J,, < ecpp, for all n < ng for a suitable ng (recall that the scale
labels n are negative).

Therefore it follows that |Bk( X3 Eckn)| < €5 for some k. Therefore by the
theorem II we conclude that (29, t0) is a regularity point.

(E) Proof that the renormalization map contracts.

Proposition IV follows immediately from the following general “Sobolev
inequalities”

(1) “Kinematic inequalities”: i.e. inequalities depending only on the fact
that u is a divergence zero, average zero and is in L2(Q2) and p = —A~1(9 u)?

Jn < C2PPAYD GLYSRYE 4220 AV2 6,0, )

n+p-n n+p
— 5/8 <5/8
Ky < C (272K gy + 2P/ 4008 602 ) (3.5.25)
— 1/2 ¢1/2
G2 <02 QPAn+p 22 A)2 52 )

5 As it relates properties of operators on a scale to those on a different scale. Note,
however, that the couplings on scale n, i.e. the components of X , provide information
on those of X, 4, rather than on those of X, as usual in the renormalization group

methods, see [BG95].

-Pp
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where C' denotes a suitable constant (independent on the particular pseudo
NS field). The proof of the inequalities (3.5.25) is not difficult, assuming the
(S,H,CZ,P) inequalities above, and it is illustrated in the problems [3.5.1],
3.5.2], [3.5.3].

(2) “Dynamical inequality: i.e. an inequality based on the energy in-
equality (c) in (3.5.10) which implies, quite easily, the following “dynamic

inequality’®

A < C@PGYE 427 A i + 2P Ty (3.5.26)

whose proof is illustrated in problem [3.5.4].

proof of proposition IV: Assume the above inequalities (3.5.25), (3.5.26)

and setting «,, = A, Kk, = KS/E),jn = Jn,gn = Gi/?’, Op+p = 0 and, as
above, X, = (ay, Kn, Jn, gn). The r.h.s. of the inequalities defines the map
Bp(X;0).

If one stares long enough at them one realizes that the contraction property
of the proposition is an immediate consequence of

(1) The exponents to which ¢ = 277 is raised in the various terms are either
positive or not; in the latter cases the inverse power of € is always appearing
multiplied by a power of d,,1, which we can take so small to compensate for
the size of € to any negative power, except in the one case corresponding to
the last term in (3.5.26) where we see e~! without any compensating d,, 4.
(2) Furthermore the sum of the powers of the components of X, in each
term of the inequalities is always < 1: this means that the inequalities
are “almost linear” and a linear map that “bounds” B, exists and it is
described by a matrix with small entries except one off-diagonal element.
The iterates of the matrix therefore contract unless the large matrix element
“is ill placed” in the matrix: and one easily sees that it is not.

A formal argument can be deviced in many ways: we present one in which
several choices appear that are quite arbitrary and that the reader can
replace with alternatives. In a way one should really try to see why a
formal argument is not necessary.

The relation (3.5.26) can be “iterated” by using the expressions (3.5.25)

for Gp4p, Jntp and then the first of (3.5.25) to express Gi/fp in terms of
Apt2p with n replaced by n + p:

an < C (27 a9 +23p5711f2paiz/+22p+

+ 275 (g aphingap) /% + 27p/55n+2pa771/+28p’€71/f2p+ (3.5.27)

+ 23p5n+2pan+2p)

6 We call it “dynamic” because it follows from the energy inequality, i.e. from the equa-
tions of motion.
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It is convenient to take advantage of the simple inequalities (ab)% < za+
z7lband a® <1+4a for a,b,z,2 >0, x < 1.

The (3.5.27) can be turned into a relation between o, and ay,4p, Kntp DY
replacing p by %p. Furthermore, in the relation between a, and ou,4p, Kntp

obtained after the latter replacement, we choose z = 277/% to disentangle
op/10 (oznﬂ,/@nﬂ))l/ 2 we obtain recurrent (generous) estimates for a,, ko

(7% S C (2—?/10an+p + 23p/10’§n+p + 57?—&-1))

Ky <C (2—4p/5/<;n+p + fzﬂ))

def
§z+p = 23p6n+p(an+p + Kntp + 1)

def .3
g = P
Sntp = 27P0ntpOnip

(3.5.28)

We fix p once and for all such that 277/19C < %

Then if C23P§,, is small enough, i.e. if 6, is small enough, say for 6, <
_ : 27P/10 4 93P, 23P/10 4 93p5,
for all|n| > 7, the matrix M = C ( 0 o 9—4p/5 4 23;06”:1;
will have the two eigenvalues < % and iteration of (3.5.27) will contract any
ball in the plane «, x to the ball of radius 24.

If a,, Ky, are bounded by a constant & for all |n| large enough the (3.5.25)
show that also g, j, are going to be eventually bounded proportionally to
6.

Hence by imposing that § is so small that | X | = |an| + &n + Jn + 90 < p
we see that proposition IV holds.

Problems. The CKN theory.

In the following problems we shall set v = 1, with no loss of generality, thus fixing
the units so that time is a square length. The symbols (u,p) will denote a pseudo NS
field, according to definition 1 in (C). Moreover, for notational simplicity, we shall set
A, = A(p), Gp = G(p), ..., and sometimes we shall write A,,,Gr, ... as Ap,... with
an abuse that should not generate ambiguities. The validity of the (3.5.10) for Leray’s
solution is checked in problem [3.5.15], at the end of the problems section, to stress that
the theorems of Scheffer and CKN concern pseudo NS velocity—pressure fields: however
it is independent of the first 14 problems.

[8.5.1]: Let p = rp4p and r = 7y, with r, = L2", c.f.r. lines following (3.5.23), and
apply (S),(3.5.4), with ¢ = 3 and a = %, to the field u, at t fixed in A, and using
definition 2 deduce

% g 3/2
/ Igl3d§§035[(/ IQyIZdz) (/ wc@) +r—3/2(/ W) <
By B, B, B,
3/4 3/2
<o) ( / ouPdz) 4+ / w?) ]
B, B,

Infer from the above the third of (3.5.25). (Idea: Let |u|% be the average of u? on the
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ball B,; apply the inequality (P), with a = 1, to show that there is C' > 0 such that

/dg\QIZS(/ dz )+@/ dz <
B, B, B,

3 1/2
< Cp/ dz |u) |9y +C(£) / dz Jul? < Cp3/2Aé/2(/ dz@yl2) +
B p B B

p p p
3
eg)

where the dependence from ¢ € A, is not explicitly indicated; hence

ul® — Jul?

3/4
/ dmr*sc<rp—1)3A§/2+C(p3/4+p9/4r—3/2>A2/4( / c@@m?)

- B,

then integrate both sides with respect to t € A, and apply (H) and definition 2.)

[8.5.2]: Let ¢ < 1 be a non negative C° function with value 1 if |z| < 3p/4 and 0 if
lz| > 4p/5; we suppose that it has the “scaling” form ¢ = p1(z/p with ¢1 > 0 a C®
function fixed once and for all. Let B, be the ball centered at x with radius p; and note
that, if p = rn4p and 7 = ry, pressure can be written, at each time (without explicitly
exhibiting the time dependence), as p(z) = p’(z) + p''(z) with

Tam f, lz—yl

P (2) =~ / 1w @uy) - Guw)dy
BP

if |z| < 3p/4; and also |p'(z)] < Cp~3 pr dy |p(y)| and all functions are evaluated
at a fixed t € A,. Deduce from this remark the first of the (3.5.25). (Idea: First
note the identity p = —(47)~! pr |z — y|=' A(pp) for & € B, because if z € Bs,/4
it is op = p. Then note the identity A (pp) = pAp + 20p - dp + ¢ Ap and since
Ap=—-0-(u-0u)=—(9u)- (0 u): the second of the latter relations generates p” while

PpA ¢ combines with the contribution from 29 p - 9y, after integrating the latter by parts,
and generates the two contributions to p’.
From the expression for p”/ we see that

1
/ dz\p”(z)l2§/ dgdg’@y(g)\QL@g(g')\Q/ dg —————— <
B,xB, 5. lz—yllz—y

r 3 |

< Cp(/ dy|du(y)[*)?
B

P

The part with p’ is more interesting: since its integral expression above contains inside
the integral kernels apparently singular at z = y like |z — g|_1 Ap and |z — y|_1 9y one
notes that this is not true because the derivatives of ¢ vanish if y € Bg, /4 (where ¢ = 1)
so that |z —y|~F can be bounded “dimensionally” by p=*

for all k > 0 (this remark also shows why one should think p as sum of p’ and p’’).
Thus replacing the (apparently) singular kernels with their dimensional bounds we get

c
/ da |ullp’| < —3(/ dzm\) : (/ d&\pl)
B, p B, B,

in the whole region B,/Bs, /4
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which can be bounded by using inequality (H) as

S%(/ d£\2\2/5~|2\3/5-1)-(/ d&lp\)é
P B, B,
1/5 1/5
%(/ dz\y\2> (/ d&lyl‘q’) GORAR / da |p| <
14 B, B, B,
Cr9/5 1/5
< — (pAp)1/5</ d@lyl3) ( d&lp\)
P B, B,

where all functions depend on z (besides ¢) and then, integrating over ¢ € A, and dividing
by 72 one finds, for a suitable C' > 0:

IN

1
— [ dtdzlullp'| < C(D)VOG/ KA

r p

QT

that is combined with fB dz|ullp”’| < (fB dg\y|2)l/2(f3 dz |p"|?)'/? which, inte-
grating over time, dividing by p? and using inequality (!) for fB dz |p|? yields:
_ _ 1/2
2 [, dtdaullp”| < Clor=1)2 A1/ %5,).

[3.5.3] In the context of the hint and notations for p of the preceding problem check

that fB dz |p'| < C(rp~1)3 fB dz|p|. Integrate over ¢ the power 5/4 of this inequal-
r P

ity, rendered adimensional by dividing it by r3/4; one gets: r—13/4 fA (f [p’)3/4 <

C’(Tp’l)l/zKp, which yields the first term of the second inequality in (3.5.25). Complete
the derivation of the second of (3.5.25). (Idea: Note that p”’(z,t) can be written, in the
interior of By, as p”/ = p+ p con:

) ey L O¢(y) - (u - O)u
fv(&):—f/ ﬁ%’(g)ﬂ -Qudy, @@):_7/ —_——dy
T Jp, £ Y

P

(always at fixed ¢ and not declaring explicitly the t~dependence). Hence by using |z—y| >
p/4, for z € By and y € B, /B3, )4, i.c. for y in the part of B, where d¢ # 0) we find

_ d
[ omasze [ a( [ S wwioww) <
B, B, B, |z -yl
1/2 1/2 1/2
SCT(/ W‘) (/ L@m?) SCrpl/QA;/"’(/ @F)
B, B, B,

3 1/2
/ pliz <0 m@msmpl%%( / L@y\?)
- B,

By

5/4
and ( f B |p”’ \) is bounded by raising the right hand sides of the last inequalities to

the power 5/4 and integrating over ¢, and finally applying inequality (H) to generate the
5/8
integral (pr L‘?EP) ).

[8.5.4]: Deduce that (3.5.26) holds for a pseudo-NS field (u, p), c.f.r. definition 1. (Idea:
Let (z,t) be a C> function which is 1 on Q, /2 and 0 outside Qp; it is: 0 < p(z,t) < 1,
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ty>0
L) >
for some 2 suitably fixed and smooth. Then, by applying the third of (3.5.10) and using

the notations of the preceding problems, if t € A, a(to), it is

/ |u(z, t)*dz < %
B x {1} P Jaq,

%/ dtd§m|2+‘/ dtdz (|ul? - Iylﬁ)y@w‘ +2/ dtdzpu - Oy <
p
Qp P Q

P

C 2/3 — 2C
< 17/3( dtdz \yl3) + ‘ dtdz (Iyl2 - |y|§> E'QLP‘ +=— [ dtdz|pllul <
’ Qs Q P s,

1 P
< CpGY® +Cpd, + p‘; / dtdz (Jul® — Iyl?))y@w‘ (%)

P

[9p| < %, [Ap + 0] < p%, if we suppose that ¢ has the form ¢(z,t) = <p2(%7

dtd@l@IQJr/ dtdz (|[ul® + 2p) u- dp <
Q

P

IN

We now use the following inequality, at ¢ fixed and with the integrals over dz

1 —_— C
f]/ dz (|ul? - |g|,%>g-@ga] g—g/ dz |ul
plg, P Jg,

C 1/3 _ 2/3
< —2(/ dzl@IB) ( |u® — IEI%IS/Q)

P BP B/J

and we also take into account inequality (P) with f = u? and a = 3/2 which yields
(always at t fixed and with integrals over dz):

3/2\ 2/3
(/ ) gc(/ 0w
B, Bp
then we see that

/Bp ’m\%@ lul 9] < f(/B |u|3)1/3(/5p ulowl) <
%( /B mP)l/g( /B W)W( /B L@m?)m <
ipl/QAi/Q(/JBP Iy\3)1/3- (/Bp @y|2)1/2 1

Integrating over ¢t and applying (H) with exponents 3,2, 6, respectively, on the last three
factors of the right hand side we get

u
2
pr

and placing this in the first of the preceding inequalities (*) we obtain the desired result).

, —
[ul* — |ul2

<

2
u® — |ul?

IN

IN

lul? — Tulf| < 042G, 6,/ < /(@7 + Agd,)

The following problems provide a guide to the proof of theorem II. Below we replace,
unless explicitly stated the sets Br,Qr, A, introduced in definition 2, in (C) above,
and employed in the previous problems with B2, A%, Q0 with B = {z||z — z,| < r},
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Al ={t|to>t>t—72}, QU= {(z,t)||z —zo| <7, to >t >t—r2} = BY x A, Like-
wise we shall set BO = BY, AO =A0 QO = Q% and we shall define new operators
A6,G,J K, S by the same expressions in (5’ 5. 11)9’(3 5.17) in (C) above but with the
just defined new meaning of the integration domains. Howewver, to avoid confusion, we
shall call them A 60, ... with a superscript 0 added.

[3.5.5]: With the above conventions check the following inequalities
A0 <CAD, L, GO SOG4, GO < (AR A0R/Ag03/4
(Idea: The first two are trivial consequences of the fact that the integration domains of
the right hand sides are larger than those of the left hand sides, and the radii of the balls

differ only by a factor 2 so that C' can be chosen 2 in the first inequality and 4 in the
second. The third inequality follows from (S) with a = %, q=3

3/4 3/4 3/2
/m?’sc[(/ 0uP) (/ u?) +r—3/2(/ wP) | <
BY BY BY BY
3/4
gC[r3/4A23/4(/ ouP) "+ A2
BY

where the integrals are over dz at t fixed; and integrating over t we estimate GO by
applying (H) to the last integral over t.)

[3.5.6]: Let no =n+pand Q% = {(z,t)| |z — zo| < Tn, to >t >t—12 difBg x A9
consider the function:
exp(—(z — ) /4(r3 +to — 1))
(4m(r2 +to — t))3/2

on(z,t) = ; (z,t) € QY

and a function Xxn,(z,t) = 1 on Q% _, and 0 outside Q%O, for instance choosing,, a

function which has the form xn,(z,t) = cp(rnolz rn01/2 t) > 0, with @ a C°° function

fixed once and for all. Then write (3.5.10) using ¢ = @nXxn, and deduce the inequality

Ap +8p —2 ~02/3 «— 0 "
e o] e Ll S A D DY (@)
n k=n+1 k=n+1

where L; = r,;2 fQO dz dt |ul|p — F| with ;1? equals the average of p on the ball Bg; for
k

each p > 0. (Idea: Consider the function ¢ and note that ¢ > (Cr3)~! in Q2, which
allows us to estimate from below the left hand side term in (3.5.10), with (Cr2)~1(A9 +
6On). Moreover one checks that

C C .
|(P|S 3 |Q4P‘ < 10 n<m<n+p=ng, in Q9n+1/Q?n
Tm m
C .
|0ep + Ap| < —— in Q)
T
no

and the second relation follows noting that dip + Ap = 0 in the “dangerous places”,
t.e. X = 1, because ¢ is a solution of the heat equation (backward in time). Hence the
first term in the right hand side of (3.5.10) can be bounded from above by

c c 2/3 c
/ |wl|0ron + Apn| < —— / |uf? < ?( / @3) rol? < GO
Q "o JQu, Tno NJ QY "o
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getting the first term in the r.h.s. of (Q@).
Using here the scaling properties of the function ¢ the second term is bounded by

no
C C
/ w@mgﬁ/ P+ Y 74/ Jul® <
Qg’/o " Q?H—l k=n+2 * Q%/Q271
ng no

c GY
<> o wr<c ) E

e Joo e

k=n+1 Qy k=n+1

Calling the third term (c.f.r. (3.5.1)) Z we see that it is bounded by

Z < ‘/ PU-OXngPn| < ‘/ PU- 0 Xnt+1¥n
Q5 Q°
no n+1

no
+ ‘ pu-0(Xk — Xk—1)Pn
>/,

k=n+2

+

< ’/ (p— p" ) u- 0 xnt19n|+
QO

n+1
ng—1

+ Z ‘/ (p— PF)u- 8 (xk — Xk—1)¥n
k=n+2 Qg

+/ lul [Pl [8(xno = Xng—1)#n
Q

0
ng

where p™ denotes the average of p over BY, (which only depends on t): the possibility
of replacing p by p — P in the integrals is simply due to the fact that the 0 divergence of
u allows us to ad to p any constant because, by integration by parts, it will contribute 0
to the value of the integral.

From the last inequality it follows

nog—1 c nog—1 c
z< Y —4/ o= PPl lul + I0, 2 = > Lk + J0
T‘k Qg T

k=n+1 k=n+1 k

then sum the above estimates.)

[8.5.7] If z, the center of © the function xn,p can be regarded, if no < —1, as defined
on the whole R3 and zero outside the torus 2. Then if A is the Laplace operator on the
whole R3 note that the expression of p in terms of u (c.f.r. (a) of (3.5.10)) implies that

in Q%O:
XnoP = AT Axnop = A1 (prno +2(8xno) - (8P) = XnoI0 - @z))

Check that this expression can be rewritten, for n < ng, as

— 00A™ (Xnouudnt1) — BIA™H (xnouu(l = Int1))—
- QQAil@Xno,y:E) - Ail((@,@xno)%)_

— A7H((Axno)p) — 2087 (Oxng P)
where 9, is the characteristic function of B%j.
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[3.5.8] In the context of the previous problem check that in Q?LD itis p = p1+p2+p3+pa
with
1

= @BA 1) (Xno n+1ﬂﬂ)7 p2 = _Z (aal — ‘) T XnoUU
4 BonO/Bon+1 £y
- =L @xnouu + o [ (00
=— — _ uu + — uu
R e e ‘x*@" e

where n < ng and the integrals are over y at t fixed, and the functions in the left hand
side are evaluated in z,t.

[8.5.9]: Consider the quantity L, introduced in [3.5.6] and show that, setting no =
n+p,p>0,itis

7/5 5/3
L < C|:(7‘n+l) An+11/5Gn+1 K204/5 + (rn+1> G9L+11/3G202/3+

Tng Tng
no
1/3 —3 40
+ Gn+1 + rn+lGn+1 E Tk Ak:|
k=n+1

(Idea: Refer to [3.5.8] to bound Ly, by: Z?zl 2 fQ% |u||p; — p?*| where p?' is the average
of p; over BY; and estimate separately the four terms. for the first it is not necessary

to subtract the average and the difference [py — p}| can be divided into the sum of the
absolute values each of which contributes equally to the final estimate which is obtained
via the (CZ), and the (H)

2/3 1/3
/ 1p1 — Bl sz(/ \p1|3/2) (/ m\i”) sc/ Juf?
B2+1 BQ,+1 B2,+1 Bg,+1

and the contribution of p; at Ly, is bounded, therefore, by CG2+1: note that this would

not be true with p instead of p; because in the right hand side there would be f \p|3/2

rather than f 0, |p| 3/2_ because the (CZ) is a “nonlocal” inequality. The term with pa

is bounded as

/ / Ip2 — p% |u\</ / || 7y, max [9p2| <
A9 JBY A9 JBY

3\ 1/3
u
Sm(/ %) ri/3r1°/5max|@92\g
Qo "n Q4

ng—1 | | no AO
1/3 u 1/3
<r2a? / E max =r2G% / E —
teAd, BO .. /BY, T "m
+1

m=n-+1 m m=n-+1
Analogously the term with p3 is bounded by using |9p3| < C?";O‘I fBO |u|? which is
no

majorized by Cr;og(fBO |u|3)2/3 obtaining
no

1 c
S [ llps— 5 < = [ e [ |ull <
Tn J QY h Ay JBY BY,

C’373 3\2/3 3y1/3
< Srdmd [ ] e <
n Ay JBy By

< g(i)srié:sri/:sG%OysG%l/s _ C(T—”)s/3G202/3G%1/3

— 2
Thn Tno Tng
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Finally the term with p4 is bounded (taking into account that the derivatives Axn, Oxn
vanish where the kernels become bigger than what suggested by their dimension) by
noting that

— P
/ Ips — 7711l smn/ o mae Bpa| smn(/ m\)(/ L)
B9 By Bn BY B9, "o

Denoting with 1"(20 the operator KSO without the factor r,fols/

sionless, and introducing, similarly, A%, C‘%) we obtain the following chain of inequalities,
using repeatedly (H)

1 o C |p| 5/4\ 4/5 5\ 1/5
ﬁ |pa — pZHH| < ﬁﬁz(/ (/ T‘T> ) ( ( |E|) ) <
n A9 B no A9 BY

0 0
nJQn ng

_04/5 1/5
< SRS (/ (/ WPl 1)s) <
T Tng A9 BY,
c L 4/E 1/5 1/5
7TTnK9w/ (/ \2\2) ( |H|3) r/® <
T Tno BY Q9

C rn 12/5:04/5~01/5 01/5 o \'% 0175 01/5.04/5
< = In 125 RO0MPR0P A gc(—) A0 /P GO /5 0

2 4 no n n n no
Tn Tno Tng

4 Which makes it dimen-

IN

Finally use the inequalities of [3.5.5] and combine the estimates above on the terms
pj,j=1,..,4.)

[3.5.10] Let T, = A% + §9; combine inequalities of [3.5.6] and [3.5.9], and [3.5.5] to
deduce

no no
T, <220 (2*2"054- Z 272kT2/2+272n06+277n0/58 Z 2731@/5Tk1/2+
k=n+1 k=n+1
no no no—1 no
4 e9—5n0/3 Z 2716/3Tk1/2Jr Z szkTsﬂJr Z 2ka1/22273qTq)
k=ng+2 k=n-+1 k=n-+1 a=k
e = Cmax(G%S/S,Kgs/s, J%0)

and show that, by induction, if € is small enough then r;zTn < 52/37";02.

[8.5.11]: If G(rg) + J(r0) + K(r9) < es with &5 small enough, then given (z/,t') €
Qr0/4(£07t0)7 show that if one calls GQ,JS,K?,AQ,(S? the operators associated with
QU(&/, ) then

1 22/3
lim sup —2A2 < C—S2
T T
n— oo n 0
for a suitable constant C. (Idea: Note that Q20/4(§’,t’) C Qro(zg,to) hence

0 0
GO T g
Then apply the result of [3.5.10]).

. are bounded by a constant, (< 42), times the respective G(rg), J(ro). . ..

[8.5.12]: Check that the result of [3.5.11] implies theorem II. (Idea: Indeed

1 1 2 4m 2
A2 = lu(z, t')|? de ——— Y lu(z’, )|
n n B?L
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where BY is the ball centered at 2/, for almost all the points (z,’,t') € ng/ﬁl; hence
lu(z’,t"))| is bounded in Q20/4 and one can apply proposition IV §3.3).

[3.5.13]: Let f be a function with zero average over BY. Since f(z) = f(y) +
fol dsOf(y + (z — y)s) - (x — y) for each y € BO,., averaging this identity over y one

gets
/ |BO\/dsafy+ z—y)s) (z—y)
B

Assuming o = 1 integer prove ( (Idea: Change variables as y—z=y+ (z — )s SO
that for o integer

/BO'“'Q|BB|_/

where the integration domain of z depends from z and s, and it is contained in the ball
with radius 2(1 — s)r around z. The integral can then be bounded by

dgl dsl dga o
[ e e e [

where z varies in a domain with |z — z,;| < 2(1 — s;)r for each i. Hence the integral over

o

of(z)  (z—z)

BY ‘B0| 5)3

‘;—%‘ is bounded by 8(1 — s;)3 for each i. Performing a geometric average of such bounds

(over a terms)
dz, ds;
/ r (x”a' Py QH/\B S 0f(E)] (- 5" <
1
a+3, .o d§ a. L °
< 2043, (/Bg|af(z)|39) (/0 )

getting (P) and an explicit estimate of the constant CZL.)

[3.5.14]: Differentiate twice with respect to a~! and check the convexity of a=! —
flla = (f|f(§)|"‘dg/\B,9|)l/a. Use this to get (P) for each 1 < a < ag if it holds
for 1,a0. (Idea: Since (P) can be written ||f|la < Ca (f|Qf|d§/r2) then if o= ! =

190451 +(1—9) with ag integer it follows that C, can be taken Co, = 9Cq,+(1—1) Cap+1)-

[3.5.15]: Consider a sequence u* of solutions of the Leray regularized equations , c.f.r.
§3.3, (D), which converges weakly (i.e. for each Fourier component) to a Leray solution.
By construction the u?, u verify the a priori bounds in (3.3.8) and (hence) (3.5.7). De-
duce that u verifies the (3.5.10). (Idea: Only (c) has to be proved. Note that if u* — u
weakly, then the left hand side of (3.5.1) is semi continuous hence the value computed
with u¥ is not larger than the limit of the right hand side in (3.5.1). On the other hand
the right hand side of (3.5.1) is continuous in the limit [ — co. Indeed given N > 0 weak
convergence implies

To To
li dt —u?dz = dt ) —~
A;moo/ /|u u’l? dz = /O PN AOREHOL

0<|k|

. 2 0 2

< fm Y- / dtly (1) =10t \+Z/ & hk) WO <
0<|k|<N |E|>N
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To To
SSL“;O / dtly, (1) - ()\2+—/ dt/ 0w —u®)> =
0

0<|k|<N
Ty 1
2E01/
_ )2
=Jim i [ / 0™ ~ ) < =

using the a priori bound in (3.3.8) (with zero force) and component wise convergence of
Vi At) at wk(t) Hence f fsz |u* — u®|? — 0 showing the convergence of the first two
terms of the right hand side of (3.5.1) to the corresponding terms of (c) in (3.5.10).

Apply, next, the inequality (S), (3.5.4), with ¢ =3, a = %, % —a= %, and again by the
a priori bounds in (3.3.8) we get

To To
/ dt/@_w@gc/ dt ]9 — w3 [l — u0|[3/? <
0 Q 0
To 3/4 To 1/4
sc(/ a0 ~x)[) (/ arlw -a)) <
0 0
C(2Eqv1)*/*(24/ Ep) / dt|lu* — u°||5 5==>0

showing continuity of the third term in the second member of (3.5.10). Finally, and
analogously, if we recall that p* = —A~1 E 0;0; (u uj A) and if we apply the inequalities

(CZ) and (H), we get
[0 dt [, delprur —p0u®| < [ [ 10> — 0Ol + [ [ 1p0] [} — u0] <
2/3 1/3 2/3
(ff\p*—po\w) (fflg*\:”) + (ff\p°\3/2> (ff\yA—QOIB)

where the last integral tends to zero by the previous relation while the first, via (CZ), will

1/3

2/3
be such that fOTO fQ |pr —p0|3/2 < (f f [u? _EO\3> —~—— 0 proving the continuity

A— 00

o the fourth term in the right hand side of (c¢) in (3.5.10). Hence the right hand side is
continuous in the considered limit).

Bibliography: [CKN82], [Ga93].

2/ febbraio/2007; 19:36



222 §3.5: Dimensional bounds of the theory CKN

2/ febbraio/2007; 19:36



