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Nothing found here is original except for a few mistakes and misprints here and there.
These notes are simply a record of what I cover in class, to spare the students the necessity
of taking the lecture notes. The readers should consult the original books for a better pre-
sentation and context. We plan to follow the following books: C. Doering and J. Gibbon
“Applied Analysis of the Navier-Stokes Equations”, A. Majda and A. Bertozzi “Vorticity and
Incompressible Flow”, P. Constantin and C. Foias “The Navier-Stokes Equations”, as well as
lecture notes by Vladimir Sverak on the mathematical fluid dynamics that can be found on
his website.

1 The derivation of the Navier-Stokes and Euler equa-
tions

The equations of motion of a fluid come from three considerations: conservation of mass,
Newton’s second law and the material properties. The state of the fluid is characterized by
its density p(t, z) and fluid velocity wu(t, z), and our first task is to derive the equations that
govern their evolution.

The continuity equation

Each fluid particle is following a trajectory governed by the fluid velocity u(t, z):

dX(t,a)

= u(t, X (o, 1)), X(0,a) = a. (1.1)

Here, « is the starting position of the particle, and is sometimes called “the label”, and the
inverse map A; : X(t,a) — « is called the “back-to-the-labels” map. If the flow u(t,z)
is sufficiently smooth, the forward map a — X (¢, «) should preserve the mass. Let us first
assume that p(t,z) = pg is a constant, and see what we can deduce from the mass preservation.
In the constant density case, mass preservation is equivalent to the conservation of the volume.
That is, if V; C R? (d = 2, 3) is an initial volume, then the set

V() ={X(t,a): aeVy}
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should have the same volume as Vj. In order to quantify this property, let us define the

Jacobian
aXz <t7 O!)

3aj )
Volume preservation means that J(t,a) = 1. As J(0,a) = 1, this condition is equivalent

X
to dJ/dt = 0. The full matrix H;;(t,a) = w

J

ﬁuz an

J(t, ) = det(

obeys the evolution equation

that is,
dH

»r = (Vu)H (1.3)

with (Vu)y = 8_“1 In order to find d.J/dt, we consider a general n x n matrix A;;(t) and
T,

decompose, for each i = 1,...,n fixed:

Note that the minors M;;,, for all 1 < 57 < n, do not depend on the matrix element A;;, hence

We conclude that

d u dA;;
a(detA)_Z( 1) My; -

ij=1
Recall also that (A™1);; = (1/det A)(—1)"*7 M;, meaning that

n

ST (1M Ay = (det A)dy.

j=1
We apply this now to the matrix H;; = (T)7
J

dJ _ ¢ d 9X,(t,a)

R — 1 H-]M i ASE et

dt Z( ) i dt( aaj )7

i,j=1
and
- L OX,
Toi = ) (=) Mi;——. 1.4



Here, M;; are the minors of the matrix H;;. As

d 0X;(t,q) 0 "\ Ou; 0X;,
JR— = 7 t’ X t, - Y
dt( aaj ) 8ozj (u ( ( Oé))) £ axk aaj
we get
dJ B - it ﬁul an N - 8u, .
a - i;kl( ]') Ml] axk 80éj — Zék:l 833k J(Szk - ‘](v U) (15)

Preservation of the volume means that J = 1, which is, thus, equivalent to the incompress-
ibility condition:
V.-u=0. (1.6)

Here, we use the notation
n
auk

V- u=divu = —_—
;&ck

More generally, if the density is not constant, mass conservation would require that for
any initial volume V) we would have (recall that p(t,z) is the fluid density)

— p(t,x)dx = 0. 1.7
i e (1.7

Writing

/ p(t,:r;)d:z':/ p(t, X(t,a))J(t, a)da, (1.8)
V(t) Vo

we see that mass conservation is equivalent to the condition

ot X(4,0))T () = 0 (19)
Using expression (1.5) leads to
dp
EJ—I—(U-Vp)J—l—p(V-u)J:O. (1.10)
Dividing by J we obtain the continuity equation
%—FV- (pu) = 0. (1.11)

We note briefly some basic properties of (1.11). First, the total mass over the whole space is
conserved:

/ plt,w)de = / pl0,2)dz. (1.12)

This follows both from (1.11) after integration (assuming an appropriate decay at infinity),
and from our derivation of the continuity equation. If (1.11) is posed in a bounded domain €
then, in order to ensure mass preservation, one may assume that the flow does not penetrate
the boundary 0€:

u-v =0 on . (1.13)



Here, v is the outward normal to 9. Under this condition, we have

/Qp(t,x)d:c:/gp(o,:c)d:c. (1.14)

This may be verified directly from (1.11) but it also follows from our derivation of the conti-
nuity equation since (1.13) implies that € is an invariant region for the flow w.

Furthermore, (1.11) preserves the positivity of the solution: if p(0,2) > 0 then p(t,x) > 0
for all £ > 0 and .

Newton’s second law in an inviscid fluid

The continuity equation for the evolution of the density p(¢,z) should be supplemented by
an evolution equation for the fluid velocity u(¢, z). This will come from Newton’s second law
of motion. Consider a fluid volume V. If the fluid is inviscid, so that there is no “internal
friction” in the fluid, the only force acting on this volume is due to the pressure:

F = —/ prdS = —/ Vpdz, (1.15)
av 1%

where 9V is the boundary of V, and v is the outside normal to V. Taking V to be an
infinitesimal volume at a point X (¢), which moves with the fluid, Newton’s second law of
motion leads to the balance

p(t, X (1)) X (t) = =Vp(t, X(t)). (1.16)
We may compute X (t):
ooy 4o _ Ouy(t, X(1)) - o Ous(t X (1))
£ = e, X0) = S 30 R =g (117)
= w +ult, X (1) - Va8, X (1)),
Therefore, we have the following equation of motion:
u
p(E—I—u-Vu) +Vp=0. (1.18)

Equations (1.11) and (1.18) do not form a closed system of equations by themselves —
they involve n + 1 equations for n + 2 unknowns (the density p(t, z), the pressure p(t, x) and
the fluid velocity u(t,x)). The missing equation should provide the connection between the
density and the pressure, and this comes from the physics of the problem. In gas dynamics,
it often takes the form of a constitutive relation p = F(p), where F(p) is a given function,
such as F'(p) = Cp? with some constant 7 > 0. Then, the full system becomes

pe+ V- (pu) =0

1
w4+ u - Vu + ;Vp =0, (1.19)
p=F(p).

The pressure may also depend on the temperature, and then the evolution of the local tem-
perature has to be included as well but we will not discuss this at the moment.
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The linearized equations

The simplest solution of (1.19) is the constant density and pressure, zero fluid velocity state:

p=po,p=npo=F(po) and u = 0. (1.20)
Let us consider a small perturbation around this state:

p=po+en+ O,
p = po+eF' (po)n + O(?) (1.21)
u=ev+ O(e?).

Inserting these expansions into (1.19) gives, in the (leading) order O(¢):

e+ poV-v=0

It Mvn = 0. (1.22)

Po

It is common to write this system in terms of v and the pressure perturbation p = F'(pg)n.
After dropping the tilde it becomes the linearized acoustic system

Kopt + Vv =0 (1.23)
pove + Vp = 0. (1.24

Here, kg = 1/(F"(po)po) is the compressibility constant. Differentiating (1.23) in time and
using (1.24) leads to the wave equation for pressure:

1
gptt —Ap =0, (1.25)
0

with the sound speed

1
Co — = F’ £o)- 1.26
e = V) (1.26)
The linearized acoustics is what governs most of the “real-world” applications at “bearable”
sound levels but we will not pursue this direction at the moment, and rather focus on incom-
pressible fluids.

Euler’s equations in incompressible fluids

A common approximation in the fluid dynamics is to assume that the fluid is incompressible,
that is, its density is constant: p(t,z) = po. Using this condition in (1.11), leads to another
form of the incompressibility condition:

V-u=0, (1.27)

that we have already seen before in (1.6) as the volume preservation condition for the flow.



Equations (1.18) and (1.27) together form Euler’s equations for an incompressible fluid:

ou

= 1.2
8t+u Vu—irpr 0, (1.28)
V-u=0.

In order to find the pressure, we may take the divergence of the first equation above, leading
to the Poisson equation for the pressure in terms of the velocity field:

B B L Ouy, 8u]
Ap=—poV - (u-Vu) = —po Z ax]< em) po Z ' Ou; Oy, (1.29)

7]_

We used the incompressibility condition in the last equality above. Equations (1.28)-(1.29)
together may be thought of as a closed system of equations for the velocity u(t, x) alone. The
Poisson equation for the pressure means that it is a non-local function of the velocity, hence
the Euler equations are a non-local system of equations for the fluid velocity — the pressure
field at a given point depends on the velocity distribution in the whole space.

When the problem is posed in a bounded domain, we need to prescribe the boundary
conditions for the fluid velocity and pressure. If the physical domain €2 is fixed and the fluid
does not penetrate through its boundary, a natural physical condition for the fluid velocity is
that the normal component of the velocity vanishes at the boundary:

v-u =0 on 0f, (1.30)
where v is the outward normal to the boundary. It follows that
0
V- 81” — 0 on 0, (1.31)
thus the pressure satisfies the Neumann boundary conditions
0
8_p = —pov - (u- Vu) on S (1.32)
v

Often, as a simplification we will consider the Euler equations either in the whole space,
with the decaying boundary conditions at infinity, or with the periodic boundary conditions
on a two- or three-dimensional torus, as the boundaries bring extra (and very interesting)
difficulties into an already difficult problem.

The viscous stress and the Navier-Stokes equations

The previous discussion did not take into account the viscosity of a fluid, which comes from the
forces that resist the shearing motions because of the microscopic friction. The forces normal
to a given area element are associated to the pressure (which we did take into account), while
those acting in the plane of the area element are associated to the shear stress. In order to
derive the fluid motion equations, as a generalization of the force on a volume element V
coming from the pressure field:

F = —/ prdS = —/ Vpdzx, (1.33)
ov v
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we may write, for the force that acts on an infinitesimal surface area dS of a volume element V:

dF; = " vy7ydS, (1.34)

k=1

where v is the outward normal to dS, and 7 is the total stress tensor (that includes both the
pressure and the shear stress). Integrating this expression leads to the total force acting on

the volume V:
0
F; = Ej/ VeTdS = E/ T’”d (1.35)

We will use the notation V - 7 for the vector with the components

Z Omy (1.36)

8xk

as well as denote
8Tkj
1.37
Z Vi oy, ( )

Let us assume for the moment that the fluid is in equilibrium, and let f be the internal forces
and 7 the stress tensor, and V' an arbitrary volume element. Then the balance of forces says
that

/ fdx+/ V-71dr =0, (1.38)
v v
which means that

f+V.-Tm=0. (1.39)

The total angular momentum of the force should also vanish, meaning that (in three dimen-
sions)

/V(fxx)dx—i—/ (v 7) % 2dS = 0, (1.40)

oV
for each volume element V. The surface integral above can be re-written as'

0 oy
/ &Tijlelel’de = / 5ijk_<7—ljxk)d«r = / €ijk (ﬂl’k + Tkj>dl’, for each 7 = 1, 2, 3.
oV % ox; Vv 0w
(1.41)
Here, €, is the totally anti-symmetric tensor: (v X w); = €;,v;wg, and €5, = 0 if any pair
of the indices 4, j, k coincide, while if all i, j, k are different, then ;5 = (—1)P*!, where p =1
if (ijk) is an even permutation, and p = 0 if it is odd. Using (1.39) in (1.41), we get

/ ik T TRdS = / €ijk< — fijTe + Tkj>dl’, for each 1 = 1,2, 3. (1.42)
av 1%
Returning to (1.40), and combing it with (1.42), we obtain

0= / €ijkfjl’kd$ —|—/ 5ijk< — fjl’k + Tkj)dx = / Eijkajdl’, for each 7 = 1, 2, 3. (143)
\% \% \%

'From now we will use the convention that the repeated indices are summed unless specified otherwise.
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As a consequence,
eijkTjr = 0, for each ¢ = 1,2, 3, (1.44)

which means that the tensor 7;; has to be symmetric.

Exercise. Modify the above computation to show that the stress tensor is symmetric
even if the fluid is not in an equilibrium.

We may now go back to the derivation of the Euler equations and proceed as before, the
difference being that the force term in the Newton second law is not —Vp but V - 7. This
will lead to the equation of motion

ou 1

—4u-Vu=-V.-7. (1.45)
ot 0

As for the Euler equations, the evolution equation for the fluid velocity needs to be supple-

mented by the continuity equation

i + V- (pu) = 0. (1.46)
ot
Previously, we needed also to prescribe the equation of state — the relation between the
pressure and the density. Now, we need to postulate, or derive, an expression for the stress
tensor. We will decompose it as

T;j = —POij + 0. (1.47)

The first term comes from the pressure — it leads to a force acting on a surface element in the
direction normal to the surface element. The second term comes from the shear stress, and
comes from the friction inside the fluid. It is natural to assume that it depends locally on Vu
— if the flow is uniform there is no shearing force. In order to understand this dependence,
recall that, given a flow

dX
the deformation tensor J;; = 0.X;/0a; obeys
v g (0) = ;.. 1.4
= s T(0) = (1.49)

Therefore, the skew-symmetric part of the matrix Vu (locally in time and space) leads to
a rigid-body rotation and does not contribute to the shearing force. Hence, it is natural to
assume that the shear stress o;; depends only on the symmetric part of Vu:

1 (9u1 8uj
D, = §<@x]~ + &Bi). (1.50)

In a Newtonian fluid, the shear stress depends linearly on the deformation tensor D;;: o =
L(D) for some linear map between symmetric matrices. The map L should not depend on
the point x and it should be isotropic: for each rotation matrix ) we should have

LQDQ") = QL(D)Q". (1.51)



Exercise. Show that the above conditions imply that the map L has to have the form

with some constants A and p. These constants are called the Lamé parameters in the context
of the elasticity theory.
For an incompressible fluid, we have

TrD =V - -u=0, (1.53)
hence the stress tensor has a simpler form

We will make an additional assumption that p and A\ are constants that do not depend on
other physical parameters such as temperature, density or pressure. Then the force term in
(1.45) can be written as

_Om, 01 o Ou; — Ouy .
V1], = dr, ~ ox, POj —|—,u(8 . + 81]) + MV - uw)djp (1.55)
8p 0
= o + pAuy + (p+ /\)ka (V).

This leads to the Navier-Stokes equations of compressible fluid dynamics

ou A+ A)

— 4+u-Vu+ Vp—MAu—i—(

= ; ; V() (1.56)
dp

E + V- (pu) =0, (1.57)
p="F(p). (1.58)

As with the Euler equations, the equation of state may also involve the temperature, and
then the evolution equation for the temperature should also be prescribed.

The incompressibility constraint (constant density) simplifies the system (1.56)-(1.58) to
the system of incompressible Navier-Stokes equations

ou

— +u-Vu+ — V = —Au 1.59
5 o= (1.59)
V- -u=0. (1.60)

Note that Euler’s equations are formally recovered from the Navier-Stokes equation by setting
the viscosity p = 0.

Remark. From now on, unless specified otherwise, we will consider only the incompress-
ible Euler and Navier-Stokes equations.



Two-dimensional flows

We will sometimes consider the two-dimensional version of the Navier-Stokes equations, which
has exactly the same form as the three-dimensional equations (1.59)-(1.60) but with the fluid
velocity that has only two components: u = (ug,us), and, in addition, the problem is posed
for x € R?. These can be interpreted as the solutions of the three-dimensional Navier-Stokes
system of a special form u = (uy(xq,x2), us(x1, 22),0) with the pressure p = p(x, z5) — that
is, they are independent of x3 and the third component of the fluid velocity vanishes. It is
straightforward to check that, indeed, they satisfy (1.59)-(1.60) provided that @ = (uy,u2)
satisfies

1
Vii+ —Vp=LAq (1.61)
Po Po

N

+

posed in R? and not R3.

2 The vorticity evolution

The vorticity
An important role in the theory of fluids is played by the fluid vorticity. It is defined in terms
of the fluid velocity u(t,z) as a vector

w=curlu =V xu, w;=e¢;;0;juy, (2.1)

in three dimensions, and as a scalar

@UQ 8u1
Ww=—-——-=—), 2.2
8x1 (hz ( )
in two dimensions. The two-dimensional vorticity can be understood as the x3-component of
the three-dimensional vorticity of the flow (u(x1,z2), us(z1,22),0) — the other two compo-
nents of the vorticity vanish for such flows.
The vorticity vector field in three dimensions is always divergence free:

V- w= Eijk@(’?juk =0. (23)

Vorticity conservation in two dimensions

Let us now compute the evolution equation for the vorticity in two and three dimensions.
In the two-dimensional case, we start with the Navier-Stokes equations (we will set the den-
sity po = 1 for simplicity from now on, unless specified otherwise)

% +u-Vu+ Vp =rvAu, (2.4)
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and compute

8_w_ a(ym_ap _uaug_u&@)_ 8<VAU_8p _uaul_u8u1>
ot~ O T Qxe 0x1 C0ms) s Y om0
8u1 81@ 82U2 0uQ 82@ 82u2 6u1 6u1 82u1
— AW — _ _ — 2.
vaw 81:1 8x1 “ 81‘12 8x1 aZL’Q U2al’181’2 + 8x2 8x1 “ 8x18x2 ( 5)
(9UQ 8u1 82u1 0 3u2 aul 0 3u2 8U1
e = vAw — — — — =Aw—u- .
0xy 01s uQ@xQQ vew ul@azl(@xl 0xs 2 0332(83:1 83:2) W Vw

In the last step, we computed that

_aul Ous B Ouy Ous n Oouy Ouy n Oug Quy 0wy <8u1 B 8u2> n Ous <0u1 B (’9uQ>
Ory Oxy  Oxq0xy  Oxe0ry Ox9O0ry  Oxy \Oxs O1y 0xs \Oxy  Ox

=—wV-u=0. (2.6)

The “miracle” is that in two dimensions the term we have calculated in (2.6), and which in
three dimensions will contribute to the vorticity growth, cancels out completely because of
the incompressibility condition. Thus, in two dimensions, the vorticity satisfies an advection-
diffusion equation

é;_c: +u-Vw =rvAw. (2.7)

This is very remarkable as (2.7) obeys the maximum principle: with appropriate decay con-
ditions at infinity (if (2.7) is posed in the whole space R?), we can immediately conclude
that

lw(t, )z < [lwoll 2o, (2.8)

where wy(z) = w(0,x) is the initial data for the vorticity. Furthermore, in an inviscid fluid,
when v = 0 the vorticity is simply advected along the flow lines; solution of

%"‘U‘VQ}:O (2.9)
is simply
w(t,z) = wo(t, A(t, z)), (2.10)

where A(t,z) is the "back-to-labels” map for (1.1). This will help us later to prove the
regularity of the solutions of the Euler and Navier-Stokes equations in two dimensions (though
it will not imply the regularity immediately).

Note also that the pressure term is nowhere to be seen in (2.7). Thus, in order to close
the problem, we only need to supplement the evolution equation (2.7) for vorticity by an
expression for the fluid velocity in terms of vorticity. To this end, observe, that, as u(t,x) is
divergence free, and the problem is posed in all of R?, there exists a function ¥ (t, x), called
the stream function, so that u(t,z) has the form

u(t,z) = V3(t,x) = (=u, (@), ¢, (t,2)). (2.11)
To see this, note that, because of the divergence-free condition for u(¢, x), the flow

v(t, z) = (uz, —u1), (2.12)
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satisfies
8@1 . 81)2

dry  dwy’
hence there exists a function ¥ (¢, ) so that v(t,x) = Vi (t, x), which is equivalent to (2.11).
The vorticity can be expressed in terms of the stream function as

(2.13)

Ay = w, (2.14)

or, more explicitly,

wit.) = 5 [ Joglla —ywlt, . (2.15)

Differentiating (2.15) formally, we obtain an expression for the fluid velocity in terms of its
vorticity
u(t,z) = [ Ks(z —yw(t,y)dy, (2.16)
RQ
with the vector-valued integral kernel

1 ) I
K :-(——,—>. 2.17
1) = e\ T P (217)

Thus, the Navier-Stokes equations in two dimensions can be formulated purely in terms of
vorticity as the advection-diffusion equation for the scalar vorticity

ow

— +u-Vw=rAuw, (2.18)

ot
with the velocity u(t,z) given in terms of w(t, z) by (2.16). The function Ks(z) is singular,
homogeneous of degree (—1) in x. Thus, it is not obvious that (2.17) gives a sufficiently
regular velocity field u(¢, ) for the coupled problem to have a smooth solution even if the
initial data wp(x) = w(0,x) is smooth and rapidly decaying at infinity. However, the "1/z”
singularity in two dimensions is sufficiently mild: writing (2.16) in the polar coordinates gives
(with 2t = (=29, 1))

- 1 o) 21
u(t,z) = % /R2 %w(y)dy = %/o /0 (— sin ¢, cos ¢)w(x1 —1r cos ¢, xo— 1 sin ¢)dpdr,
(2.19)

There is no longer a singularity in (2.19), and the expression for the velocity “makes sense”.

The system (2.16), (2.17), (2.18) is an example of an active scalar — the vorticity w(t, z) is
a solution of an advection-diffusion equation with the velocity coupled to the advected scalar
itself.

Vorticity evolution in three dimensions

The situation in three dimensions is very different. In order to compute the evolution equation
for the vorticity vector, first, note that the advection term in the Navier-Stokes equations can
be written as

(- V) = ujmt = uy (o — :Hujaxi', (2.20)



and that

(w X u)z = kWU = 5ijk€jmn(amun)uk = (6zn5km - 5zm6kn)<amun)uk

= (Ous )k — (Osup)uy. (2.21)
We used above the identity
Ejik€jmn = 51m5kn - 5zn5km (222)
and anti-symmetry of €;;;. We see that
Jul”
u'Vu:wxu—i—V(T). (2.23)

Therefore, the Navier-Stokes equations with a force f can be written as

2
ut—l—wxu—i—V(WTl—i—p):VAu—i—f. (2.24)
The formula
curl(a x b) = —a-Vb+b-Va+a(V-b) —b(V -a) (2.25)
helps us to take the curl of (2.24), leading to the vorticity equation:
wi +u-Vw =vAw+ V(t, z)w, (2.26)
with
8ui
V(t,z)w=w-Vu, V,=—-——. (2.27)
827]'

We can decompose the matrix V' into its symmetric and anti-symmetric parts:
1 1
V =D+, D:§(V+VT), QZE(V—VT), (2.28)
and observe that, for any h € R3

1 1 1
Qz’jhj = 5[8]1% — quj]hj = iamuk [5zk5]m — 5lm(5jk]h] = §€lij€lkm(8muk)hj

1 1 1 1
= —§5lij€lmk(8muk)hj = —§€lijwlhj = §5iljwlhj = 5[(4) X h]z, (2.29)
that is,
1
Qh = o X h. (2.30)
The matrix €2 has an explicit form
1 0 —Ws3 W9
O=- W3 0 —W1 . (231)
2
—Wwy W 0

As a consequence, we have Qw = 0, thus Vw = Dw, and the vorticity equation has the form

wi +u-Vw =vAw + D(t, r)w, (2.32)
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with
1 8’&2 an

Dy = 5(8% * 8371)' (2:33)

The term Dw in the vorticity equation is known as the vortex stretching term, and it is maybe
the main reason why the solutions of the three- dimensional Navier-Stokes equations exhibit
such rich behavior and complexity. As we have done in two dimensions, it is possible to
express the velocity u(t, ) in terms of the vorticity — this relation is known as the Biot-Savart
law, leading to the “pure vorticity” formulation of the Navier-Stokes equations, but we will
postpone this computation until slightly later.

The evolution of the matrix D itself is obtained by differentiating the Navier-Stokes equa-
tions to get an evolution equation for the matrix V:

9 /0u; 0 [ 0u; Oy, Ou; 0%p ou,;
(= . d m 2 — AT 2.34
o (axj> D (axj> az, 9oy | Oz,0z, -0, (2:34)
which, in the matrix form is
oV
E—l—u-VVJrVQJrH:uAV, (2.35)
where H is the Hessian of the pressure. Taking the symmetric part gives
oD 9 9
E+U-VD+D +Q°+ H=vAD. (2.36)

An analogy to the Burgers’ equation

The vorticity equation (2.32) has a quadratic term in w in the right side. Such quadratic
nonlinearities may potentially lead to a blow up. This is easily seen on the simple ODE
example

2=z 2(0) = 2. (2.37)
Its explicit solution is
20
t) = . 2.38
A1) = 7 (239)
If 25 > 0, the solution becomes infinite at the time
1
te = —. 2.39
, (239

At a slightly more sophisticated level, we can look at the familiar Burgers’ equation on
the line:
up +uu, =0, u(0,2) = up(x). (2.40)

which is slts solutions develop a finite time singularity if the initial condition ug(z) is decreas-
ing on some interval. Such discontinuities are known as shocks. In order to make a connection
to the vorticity equation, set set w = —u,, this function satisfies

wi 4+ uw, = w?, w(0,7) = wo(x) = —uj(w). (2.41)
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This equation is analogous to the vorticity equation except the nonlinearity has a different
form: D(w)w is replaced by w?. Asin the case of the quadratic ODE (2.37), the function w(t, z)
becomes infinite in a finite time if there are points where wy(z) > 0. One should mention that
there are two regularizations of the inviscid Burgers’ equation (2.40): first, adding a diffusive
(dissipative) term gives the viscous Burgers’ equation

Up + Uy = Vg, u(0,2) = up(z), (2.42)

which has global in time smooth solutions if uy(x) is smooth. A natural question which we
may revisit later is why is the wu,, term sufficiently regularizing? More precisely, one may
consider equations of the form

w4+ uu, = Au, u(0, ) = up(z), (2.43)

where A is a linear dissipative operator in the sense that

(Au,u) = /(Au(x))u(x)dx <0. (2.44)
R
If A commutes with differentiation, the “vorticity” equation will have the form
Wi+ uw, = Aw + w?, w(0,7) = w(z) = —upy(x). (2.45)

Then, the dissipative effect of Aw will compete with the growth caused by w? in the right
side. The issue of when the dissipation will win is rather delicate — we will revisit it later if
we have time.

There is a different approach to the blow up in the Burgers’ equation that illustrates a
general strategy of trying to control integral functionals of the solution rather than solutions
themselves. Let us consider, for simplicity, the solution of the Burgers’ equation on the line
with a periodic initial condition wug(z):

up(z + 2m) = up(x).

Then the solution of
u +uu, =0, u(0,x) = up(x) (2.46)

will stay periodic for all £ > 0 (as long as it exists):

u(t,z + 2m) = u(t, x). (2.47)
If, in addition, the initial data is odd: ug(—x) = —ug(z), then solution remains odd as well:
u(t,z) = —u(t, ). This means that, as long as the solution remains smooth, the functional
Tt
L{t) = / @) g (2.48)
. X

is well-defined and finite — the function (¢, x) vanishes at + = 0. Differentiating L(¢) in time

gives
e iy ™ 2
dL(t) _ / Ut(t>$)dm _ _/ luumda: _ _%/ Uu (t,x) dr. (249)

dt x 2

—T —T
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The Cauchy-Schwartz inequality implies that

L*(t) = (/7r de)2 <27 /7r Mdm. (2.50)

T 2

—r —m

Hence, the function L(t) satisfies a differential inequality

dL 1
— < ——LA(1). 2.51
iy O (2.51)
Integrating this inequality in time gives
1 1 t
—_—— < —— 2.52
Hence, we have
47TLO
L(t) < —. 2.53
(t) = dm + Lot ( )

We conclude that if Ly < 0 then L(f) = —oo at some time ¢ < —47m/ Ly, thus solution may not
remain smooth past this time. The condition that Ly < 0 distinguishes between the initial
data that “look like” ug(z) = sinx and like ug(z) = —sinz. The latter is decreasing at = 0,
hence the shock is expected to form there, thus it is reasonable to expect that L(t), which
has x in the denominator in the integrand, will blow-up. On the other hand, the former is
increasing at = 0, thus the shock would not form there, and L(¢) should not capture the
singularity formation. A different functional should be considered to capture the blow-up.
Another very interesting regularization of the inviscid Burgers’ equation is via dispersion:

U + Uy = U, w(0,2) = up(x). (2.54)

This is the Kortweg-de Vries equation which describes a regime of the shallow water waves. Its
mathematics is incredibly rich and is connected by now with nearly every area of mathematics.
If we have time, we will go back to it as well.

Flows with spatially homogenous vorticity

As an example, we consider flows that have a spatially uniform vorticity w(t). Let us choose
a symmetric matrix D(t) with TrD(¢) = 0, and a vector-valued function w(t) # 0 such that

dw
- = D(t)w(t), w(0) = wo. (2.55)

We also define an anti-symmetric matrix €(t), given by (2.31), so that
1
Qt)h = §w(t) X h, for any h € R®, Qi = €imjwim. (2.56)
A direct computation, using the symmetry of D, the assumption TrD = 0, and (2.31), gives

Q+ DQ+ QD =0. (2.57)
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The observation is that the flow
1
u(t,x) = Ew(t) X x+ D(t)x (2.58)

gives an exact solution of the three-dimensional Euler and Navier-Stokes equations, with the
vorticity curlv = w. Indeed, first, as the trace of D(t) vanishes, both components in (2.58)
are divergence-free:

V-u= 8j (ejklwkxl) + 8]- (D]kmk) = Ejklwkdﬂ + Djk(sjk: =0. (259)

Moreover, the second term in (2.58) is the gradient of the function (1/2)(D(t)z - z), hence its
vorticity vanishes, while identity (2.25) means that

1 1 1 1 3
curlu = —curl(w(t) x z) = ——w-Ve+ —w(V - z) = ——w+ —w = w. (2.60)
2 2 2 2 2
Next, we compute
1 )
up = §w X x + Dz, (2.61)
and ] ]
@-uk = §8j(€kmnwmxn) + 8j (kal'm) = §8kmjwm + ij, (262)
so that . ]
u - Vuy = u;05u, = o Chmg U +u;Dy; = QW X ut Du. (2.63)
Putting these equations together and using (2.56) leads to
1. . 1 1. .
ut+u-Vu:§wxx+Dx+§wxu+Du:§wxx+D$ (2.64)
1 1 1
+§w X <§w Xx+Dx) —l—D(Ew ><:U+Dx>

=D+Q+ P+ D>+ DA+ QD)x = (D+Q*+ D¥x = —Vp(t, z)
We have used (2.57) in the next to last equality above. The pressure is given explicitly by

1,0D
p(t,z) = ) <E + D? + Q2>x - T (2.65)

We conclude that, given any symmetric trace-less matrix D(t), we may construct a solution
of the Euler equations as above.

Example 1. A jet flow. As the first example of using the above construction, we may
take wy = 0, so that w(t) = 0 and D(t) = diag(—v1, =2, 71 + 72) with 71,92 > 0. The flow is

u(t,z) = (=71, =22, (11 + 72)73)- (2.66)
The particle trajectories are

X(t,a) = (e ay, e 2 ay, M2y, (2.67)

17



and have the form of a jet, going toward the x3-axis, and up along this line for x3 > 0, and
down this direction for x3 < 0.
Example 2. A strain flow. Consider D = diag(—v,~,0) with v > 0, and, once again,
vorticity w = 0, so that

u(t,x) = (—ywy1,yx2,0). (2.68)

Then the particle trajectories are
X(t,a) = (e My, e ay, as). (2.69)

The particle trajectories stay in a fixed plane orthogonal to the xs-axis and are stretched in
this plane: nearby two particles starting near the x;-axis with as > 0 and ay < 0 will separate
exponentially fast in time.

Shear layer solutions

Here, we will generalize the second example above: we will be looking at flows of the form
generalizing (2.68):
'U/(t,l') = (_’Y.Tl,’}/SCQ,U)(t,SCl)), (270)

that is, the third flow component depends only on x; and ¢. Such flows satisfy the Navier-
Stokes equations with the pressure p(t, z) = v(2?+22)/2, provided that the vertical component
of the flow w satisfies a linear advection-diffusion equation

ow ow 0w
— - — = . 2.71
825 T 8x1 VafL‘lQ ( )
The vorticity is given by
ow
t,r) = (0, ——=—,0 2.72
oltiz) = (0, ~5,0), 212
and its second component w = —w,, satisfies (after dropping the tilde)
Ow Ow 0w
— — — = . 2.73
o o VomE T (2.73)

Here, we see clearly the three competing effects in the vorticity evolution: the diffusive (dis-
sipative) term vw,,,,, the convective term —vyzjw,, and the vorticity growth term yw. It is
instructive to look at the three effects in this very simple setting.

First, let us note that when v > 0, the vorticity equation (2.73) admits steady solutions:

—yr0 = v" + . (2.74)
Indeed, setting y = Az leads to
—yy, = Ny, + Yo, (2.75)
thus, choosing A\ = \/W_V, we arrive at
— YWy = Wyy + w. (2.76)
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This equation has an explicit steady solution
w(y) = e’y2/2,
hence a steady solution of (2.74) is

w(xy) = =11/ (2v)

(2.77)

(2.78)

Such solutions do not exist when v = 0 — they are sustained by the stretch, and are localized
in a layer of the width O(y/v/~) around the plane {z; = 0}. They may also not exist at zero
viscosity: if ¥ = 0 then (2.74) has no non-trivial bounded steady solutions — thus, they are a

result of a balance between the stretch and the friction.
Equation (2.73) can be solved explicitly. Fitst, writing

w(t,z) =e"2(t, 21)

gives

% B 0z 0%z

XT1—— =V .
ot or Vo

Next, making a change of variables:

2(t,z) = n(r(t), e"'z1)

with the function 7(¢) to be determined, leads to

.In ¢ O £ 971 271 07N
TE + ~ve” xla—g yrie” 8_5 = ve”! 8_52
Taking
7 = ve?,
or

leads to the standard heat equation

an
a_Z:a_gZ’ 7>0, E€R,

with the initial condition 7(0, ) = wo(§). Therefore, the vorticity is

W(t7 xl) - e’Yt / G(%(eQVt - 1)7 6,Yt'rl - y>w0(y)dy7

where G(t,z;) is the standard heat kernel:

o—lel /)

G(t,l‘l) = \/m
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Let us look at the long time behavior of vorticity:

4y ~1/2 ez, — y)?
— 29t _ = 7 I
w(t,z) =e ( 2 (e 1)) /exp{ 32(62% ) }wo(y)dy (2.88)

1/2
S () = (L) ol (20) / wo(y)dy.

2my

provided that the initial vorticity wy € L'(R). Thus, the vorticity is localized as t — +oc
around z; = 0, in a layer of the width O(y/v/7), and its long time limit is a multiple of the
steady solution (2.78).

The Biot-Savart law
We now return to the vorticity equation in three dimensions
we+u-Vw =vAw+ w - Vu. (2.89)

Our goal is to derive an expression for the velocity u in terms of the vorticity w, so as
to formulate the Euler and Navier-Stokes equations purely in terms of vorticity. In two
dimensions, this was done using the stream function, solution of

A = w, (2.90)
with u given by
U=V = (—thuy, V), (2.91)
or, equivalently,
RQ
with the vector-valued integral kernel
1 i) T
Kofr) = (- 2,00 203
A0 = 5\ T P P (2:93)

In three dimensions, given a divergence-free vector field w(x) we need to find a divergence-
free vector field u(t,x) so that

Vxu=w, V-u=0. (2.94)

Attempting the same strategy as in two dimensions, we define the stream vector ¥ via

Ay = w, (2.95)
and
u(z) = =V x ¢(x). (2.96)
Note that V - ¢ satisfies
AV -¢) =0, (2.97)
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hence, if we assume that V -1 is bounded, then V -4 = 0, and v is also divergence-free. The
flow u defined by (2.96) is divergence-free: V - u = 0, and

[V X u]z = _gijkajgkmnamwn = _Ekijgkmnajam¢n = _(5277’7,5]71 - 5zn5]m)ajamwn
= —0,05h; + Ay, (2.98)
that is,
Vxu=-V(V-9Y)+A)p=uw. (2.99)
We have an explicit expression for the stream-vector 1 (z) as the solution of the Poisson

equation (2.95):

bla) = / 1w (2.100)

—— w
A Jps |z =y

The velocity is then given by

wi(x) = % /RS €ijk0; (ﬁ)wk(y)dy = —% /]RS Eijk E__yyéwk(y)dy, (2.101)
so that
u(w) = ﬁ [ Kla =) xwl)dy (2.102)
with 1 2
K(z) = “ TP (2.103)

As in the two-dimensional case, the integral operator defining u(x) in terms of the vortic-
ity w(x) is not “really singular” — the singularity of the 1/|z|* type is cancelled in three
dimensions by the Jacobian if we pass to the spherical coordinates. However, unlike in two
dimensions, the vorticity equation involves not only u(z) but also the gradient Vu. Formally
differentiating (2.102) leads to (this identity is not quite correct because of the singularity of
the integrals involved)

Vu(z)" =7 /R3 VEK(x —y) x w(y)dy. (2.104)

The integral kernel VK () in (2.104) has the singularity of the type z/|x|*, which can not be
simply cancelled by the Jacobian if we pass to the spherical coordinates. Integral operators
with a singularity of this type are known as singular integral operators, and we will deal with
them in some detail later, leaving for now the vorticity equation on a formal level.

3 The conserved quantities

We will now discuss the physical quantities conserved by the Euler and Navier-Stokes equa-
tions. They are important both from the physical and mathematical points of view — a system
that possesses sufficiently regular integrals of motion will not have irregular solutions if the
initial data is smooth. As we will see, the integrals of motion for the fluid equations are often
insufficient to deduce the existence and regularity of solutions.
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Kelvin’s theorem

Consider a smooth, oriented, closed curve Cy, and let C(t) be its image under a flow u(t, z):

Ct)={X(t,a): ae Oy}, (3.1)
with ix
e u(t, X), X(0,a)=q. (3.2)
The circulation around C(t) is
FC(t) = % u(t,x) : dé, (33)
@)

where dl is the length element along I'(¢). Let us parametrize the initial and evolved curves
as
Co={1(s), 0<s <1}, C@t) ={X(t,7(s)), 0<s <1}, (3.4)

then the length element along the evolved curve has the components (prime denotes the
derivative with respect to the parametrization parameter s)

8Xj /
= ds, 3.5
o Vi ( )

or C'(t,s) = H(t, X(t,v(s))7 (s), with the matrix

de,

o aXz(tv Qé)
Hij(t7X(tva)) - aaj ) (36)
which satisfies (1.3)
dH

Now, we may compute

%ﬁéw ultsa) i = %/ ult, X (8, 70(s)) - (H')ds = / (i HA') + (u- F1y)]ds

_ /0 (e + - V) - HY') + (u- (VuBH)y)]ds (3.8)
= ug +u - Vu) - dl Vu)iu - dl
yﬁc KR ORI 550 (Vo)

If u satisfies the Euler equations, we have for the first term in the last line above:

35 (ut+u-Vu)-d€:—7§Vp'd€:0. (3.9)
C(t)
The second term can be written as
Ouy, |u?
Vu)u - dl = —udﬂz% Vi— ) -d¢ =0. 3.10
?g(t)( ") ow 0z Jow ( 2 ) 210

22



We see that

d

— u(t,x) - dl = 0. 3.11
i b, u-w) (3.11)

This is Kelvin’s theorem for the Euler equations: the circulation of the flow along a curve
that evolves with the flow is preserved in time.

Conservation of the total velocity and vorticity

If v is a divergence-free velocity field, and ¢ is a scalar function, and both of them decay
sufficiently fast at infinity, we have

/(u -Vo)dx = — /(V ~u)pdr = 0. (3.12)

Therefore, integrating either the Euler or the Navier-Stokes equations with solutions that
decay rapidly at infinity, we conclude that
d
— [ udr =0, (3.13)
dt Jgn
both in two and three dimensions. The same identity implies that in two dimensions the total
vorticity is preserved: integrating (2.18), we obtain

d

— | wdr=—-v | Awdzr-— / (u-Vw)dx = 0. (3.14)
dt R2 R2 R2

However, in that case we know more: any regular solution of (2.18) can be decomposed
as w = wh(t,z) —w (t,z), where w* are the solutions of (2.18) with the initial data wi(x),
respectively. It follows that

|lw|dz < / wh(t, z)dx —|—/ w(t,x)dr = |woldz, (3.15)
R2 R2 R2 R2
that is, not only the integral of the vorticity is preserved but its L'-norm does not grow in
two dimensions. In addition, for the solutions of the Euler equations, vorticity satisfies the
advection equation
w+u-Vw=0. (3.16)

Therefore, not only the integral of the vorticity but all LP-norms of w are preserved, with
any 1 < p < oo:

/R ot 2)Pdz = /R Nwo () Pdz. (3.17)

In three dimensions, the vorticity vector satisfies (2.27). Integrating this equation leads
to

d
dt Jgs
since w(t, x) is also a divergence-free field. Thus, the total integral of the vorticity is preserved

also in three dimensions. However, conservation of the LP-norms does not follow, and vorticity
may grow.

widr = / (w- Vu;)dz =0, (3.18)
R3
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Evolution of energy, dissipation and enstrophy

The kinetic energy of the fluid is
E(t) = lu(t, z)|*dz. (3.19)
2 Jgn

Differentiating in time gives

dE ou;
i /n(u cuy)dr = /n(_“j“’“a_z —u- Vp+rvu;Auj)de

Jul® 2 2
=— [ (u- V(T —i—p) —v | |Vul'de =—v | |Vul| dz. (3.20)
n R R™

Therefore, the energy of the solutions of the Euler equations (v = 0) is preserved in time:
E(t) = E(0), (3.21)
while the energy of the solutions of the Navier-Stokes equations is dissipating:

dE
— = —vD(t), (3.22)

where D(t) is the enstrophy
D(t)= [ |Vul*dx. (3.23)
The enstrophy can be expressed purely in terﬂfns of vorticity using the identity
(W = eijiimn (05ur) (Dmttn) = (8jmOkn — 0n0km) (Otur) (Omttn) = [Vul? — (jur) (Dpuy). (3.24)
Note that
/n(ajuk)(ﬁkuj)dm =— /n ug(OR0ju;)dr =0 (3.25)

We used the incompressibility condition on u in the last step. This implies that the enstrophy
for a divergence-free flow is
D(t)= [ |w|*de. (3.26)
R
Therefore, large vorticity leads to increased energy dissipation — this, however, does not lead
to regularity:.

Conservation of helicity

The helicity of a flow is
H= [ (u-w)dx. (3.27)
R3
This definition is non-trivial only in three dimensions, as in two dimensions we have, for any
incompressible flow,

B Ouy  Ouy B Oui | 10(uf)
/Rz twds = /R2 ul(a_xl B a—@)dm o /Rg U“Q(a_xl "3 n, )dm
1 0
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In three dimensions, however, helicity is a non-trivial quantity, and, for the solutions of the
Euler equations, we may compute

dH

— = (- w4+ u-w)de. (3.29)
At e
We have
u-w~+ (u-Vu) - w+w-Vp=0, (3.30)
and
u-wi+ (u-Vw) - u=u-(w-Vu). (3.31)
The last term in (3.30) integrates to zero since V - w = 0:
/ (w- Vp)dz = 0. (3.32)
R3
The other terms lead to
dH
7 Rg(uk(ﬁkuj)wj + upu; 0wy — wjwEOgu;)de = 0, (3.33)

as the first and the second terms in the rights side vanish since V-u = 0 while the last vanishes
because V - w = 0. Thus, helicity is preserved for the solutions of the Euler equations. In
particular, the velocity field and the vorticity can not “too aligned” in any growth or blow-up
scenario.

4 The Constantin-Lax-Majda toy model

The formulation of the model

In order to appreciate the difficulties of the problem of the regularity for the solutions of the
Euler and the Navier-Stokes equations, and in particular, focus on the effect vortex stretching
term, we consider here a toy model studied by Constantin, Lax and Majda in 1985. The
vortex stretching term in the three-dimensional vorticity equation for the Euler equation

w+u-Vw=w-Vu, (4.1)

has the form (2.104) — once again, it should not be taken to literally because of the singularities
in the integrals,

Vu(z)” =" g VK(z —y) x w(y)dy, (4.2)
with | 2
K(z)= "Il (4.3)

The Constantin-Lax-Majda model aims to imitate three important properties of the right side
in the vorticity equation (4.1): first, it is quadratic in w, second, its integral vanishes:

/ w-Vudr=0. (4.4)
R3
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The third feature is that the kernel VK () has the singularity of the type z/|z|*, which is of
the kind z/|z|"*! in n dimensions. Constantin, Lax and Majda considered a one-dimensional
model, with an analogous singularity

Ow(t, )
ot

with the initial condition w(0,z) = wy(x). Here, H(w) is the Hilbert transform, a singular
integral operator in one dimension:

= Hw]w, z € R, (4.5)

Hl)(z) = ~PV. /R ;’%dy. (4.6)

The principal value above is understood as

Hlw](z) = LT Mdy 1 /|>1 Mdy n %/_ w(z — y; - w(x)dy' (A7)

T €l0 ly|>e Yy m Yy 1

The singularity 1/x in the kernel of the one-dimensional Hilbert transform is analogous to
the singularity z/|z|* in three dimensions that appears in the kernel VK in (4.2): both are
odd, and their size is 1/|z|".

The toyest model of all

Before proceeding with the analysis of the Constantin-Lax-Majda model, let us pause and
see what would happen if we would consider the simplest model that would preserve only the
quadratic nature of the nonlinearity in the vorticity equation:

dw(t, )

e Wit z), w(0,7) =we(z), = €R. (4.8)
Its explicit solution is
wo()
tr) = ——. 4.
wlto) = 0 (4.9

If there exist € R so that wp(x) > 0, this solution exists until the denominator vanishes,
that is, until the time

T. = inf

(@) : wo(x) > 0. (4.10)

Let us assume that the function wp(x) attains its maximum at « = x,,. The function w(¢, x)
at the time ¢ = T, has an asymptotic expansion near the point x = z,,:

wo () ~ wo (@)
1= Tuwo(x) — —(Te/2)wg(@m)(@ = xm)?

w(Te,x) = (4.11)

Thus, the function w(t, z) blows up at the point z,, and the blow-up profile is O(x — x,,,) 2.
As a consequence, all LP-norms of w(t, ) blow up as well:

/ lw(t, z)[Pdr — 400 as t 1 T, (4.12)
R
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for all p > 1. Moreover, if we define the “velocity” as

v(t,x):/_ w(t,y)dy, (4.13)

then v(t, ) also blows-up at the time T, and its blow-up profile is O(z — z,,)~!. Therefore,
the LP-norm of the velocity blows up as well:

/R lv(t, z)[Pdx — +o0 as t T T, (4.14)
for all p > 1. In particular, the kinetic energy blows up as well:

/R lv(t, z)|*dr — +oo as t 1 T.. (4.15)

This is in contrast to the energy conservation in the true Euler equations. Thus, the toy
model (4.8) can not be even “toyishly” correct.

The Hilbert transform

In order to understand the Constantin-Lax-Majda model, let us first recall some basic prop-
erties of the Hilbert transform and its alternative definition in terms of complex analysis.
Given a Schwartz class function f(z) € S(R) define a function

u@w%afa%mf@kmﬁﬁ,yzo,xeR
R

Here, the Fourier transform is defined as

F6) = [ e s, gio) = [ foemei (4.16)
The function u(z,y) is harmonic in the upper half plane:
Ay u=0in RZ =R x (0, +00),
and satisfies the boundary condition on the line y = 0:
u(z,0) = f(z), xe€R.
We can write u(x,y) as a convolution
u(z,y) =Pyx f = [ Py(x—2')f(a)do’,

with

and

< , 1 1 Y
P _ 2my|€| 27rz§xd — — .
y(@) /_oo € ¢ § 27 (y — i) + 2n(y +iz)  w(x? + y?)
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Next, set z = x + iy and write

¢ i * i o L
u(z):/Re—27ry|§|f(€>€27rzx§d§:/o f(f)eszEdf‘l‘/ f(g)e%mz{dg.

Consider the function v(z) given by

o0 ~ . 0 A .
— [ Reemac - [ foemac
0 —o0

+ ZU / f 27mz£d€

is analytic in the upper half-plane {Imz > 0}, the function v is the harmonic conjugate of w.
It can be written as

As the function

mw:14«4%maw*wmﬂaémﬁﬁ=w%*ﬁ

with )
Qy(&) = —isgn(&)e >, (4.17)
and - )
- s TIST z
Qula) = =i [ sen(g)e mletminag -~ 2
The Poisson kernel and its conjugate are related by
i

) 1
P,(x) +iQy(x) = m =

which is analytic in {Imz > 0}.

In order to consider the limit of @), as y — 0, we relate it to the principal value of 1/x
defined as in (4.7): it is an element of the space S’(R) of the Schwartz distributions, defined
by

o), _ [ =00, [ o)

lz|>e L lz|<1 T lz|>1 T

L6) = 1im

,1' e—0

—dr, ¢eS(R), (4.18)

which is well-defined for ¢ € S(R). The conjugate Poisson kernel (), and the principal value
of 1/x are related as follows.

Proposition 4.1 Let ), = —%, then for any function ¢ € S(R)
T4y
! P.V =i Q
P =l ] o
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Proof. Let 1

Py(x) = ;Xy<|m|($)
so that
P 2(0) = tim [ y(a)of
Note, however, that

[ Q@) - wtepotars = [ S as /| |>y@dx

x? + y? T
9(z) 1
= /|x<y ; jEy dx + /96|>y [—3:2 _a; 7 — ;] ¢(x)dx (4.19)
_ zp(xy) yo(x) vo(ay) o(zy)
- /|x<1 RN /|w|>y @+ )" /|x<1 1 /|w|>1 @D

The dominated convergence theorem implies that both integrals on the utmost right side
above tend to zero as y — 0. O

It is important to note that the computation in (4.19) worked only because the kernel 1/x
is odd — this produces the cancellation that saves the day. This would not happen, for instance,
for a kernel behaving as 1/|z| near x = 0.

Thus, the Hilbert transform defined as

1 _
Hi@) = 2im [ 1229, (4.20)
T e—0 ly|>e Yy
can be also written as
Hf(zx) = lin% Qy * f(x). (4.21)
Yy—>

In other words, we take the function f(x), extend it as a harmonic function u(zx,y) to the
upper half-plane, and find the conjugate harmonic function v(z,y). Then, H f(z) = v(x,0),
the restriction of v(z,y) to the real axis. It follows from (4.17) that

HF(€) = m Qi) f(€) = —isen(€)/(£). (4.22)
Therefore, the Hilbert transform may be extended to an isometry L?(R) — L?(R), with

[Hfllz = [Ifllz2, H(HS) =~ (4.23)

and

@9z =~ [ ) (4.24)

Back to the Constantin-Lax-Majda model

Let us now return to the CLM model

wy = Hwlw, w(0,2) = wy(x). (4.25)

29



The term H|w]w in the right side of (4.25) is similar to the vorticity stretching term Dw in
the true three-dimensional vorticity equation in the three aspects we have discussed above,
below (4.3). It is quadratic in w, it follows from (4.24) that the operator H is skew-symmetric:

/RH[w] (x)w(z)dr =0, (4.26)

so the right side of (4.25) integrates to zero, as in (4.4), and the kernel 1/x has the correct
singularity — it is odd and of the size 1/|z|™ (where n is the dimension). It follows from (4.26)
that the integral of the solution of the toy model (4.25) is preserved:

7 Rw(t, z)dz = 0. (4.27)

Let us now use the “complex analysis” definition of ¢ = H[¢], and set u(z,y) and v(z,y)

so that the function f = u + dv is analytic in {y > 0}, and u(z,0) = ¢(x), v(x,0) = P(z). As
we may write

—if? = 2uv +i(v? — u?), (4.28)

it follows that the harmonic conjugate of uv is (v? — u?)/2. Restricting this identity to the
real line gives

1 1
H(6H]) = 5 (HI6)? - 56 (129)
Applying the Hilbert transform to the toy vorticity equation gives then
d 1 w?
—Hlwl = ZHIlw? — = 4.
CHl] = SHIP -2 (130
Therefore, the function
w(t,x) = Hw|(t, z) +iw(t, ) (4.31)

satisfies the simple quadratic ODE

dw 1 1,

1
= E(H'[w])2 — §w2 +iH[w|w = Jw (4.32)
Hence, the function w(t, x) is given explicitly by
it z) = — 2ol (4.33)

1 — twe(z)

Taking the imaginary part of (4.33) gives an explicit formula for the solution of the toy
vorticity equation:

wo(w) oy 2(H|wo](x) + iwo(2))
1 — Ltwy(x) 2 — t(H[wo(x) + iwo(z))
2(Hwol(x) +iwo(x))(2 — tH|wo(x) + itwo(z))
(2 — tH[wol(2))? + 1?(wo())?
two(z) H [wo)(x) + wo(x)(2 — tH [wo)(x)) 4w ()

(2 = tHwo]())? + (w0 () (2 = tHwo](2))? + (w0 ()

w(t,z) =Im

=Im

=2

o (4.34)

30



The explicit formula

4w ()

) = B ] (@) + Pl

(4.35)

gives an explicit criterion for the solution of the vorticity to exist for all times ¢ > 0. Namely,
the solution w(t,z) exists and remains smooth provided that there does not exist a point
z € R so that wy(z) = 0 and Hlwo)(z) > 0. The explicit breakdown time for a smooth
solution is

2
T = inf {———: —0, H >0}, 4.36
it { g+ wala) = 0. Hleal(o) (4.36)
As an example, consider wy(z) = cosz, so that H[wy](z) = sinx, and
4dcosx 4cosx
t.x) = = . 4.37
wit,z) (2—tsinz)? +t2cos’x  4+1t2 —4tsine (437)
The breakdown time 7, = 2, and the corresponding “toy velocity” is
’ 1 t? ,
v(t,x) = | w(t,y)dy = n log(1 + T tsinz). (4.38)
0
Therefore,
/ w(t, )Pz — +oo (4.39)

ast 1T, for any 1 < p < 0o. On the other hand, the LP-norms of the velocity stay finite:

/ |v(t, z)|Pde — M, < 400, (4.40)

—T
for all 1 < p < 400, as t =1 T.. In particular, the kinetic energy does not blow-up at the
time T:

/ lw(t, 2)2dz — My < +o00, (4.41)

This is in contrast to what happens in the “most toyest” model (4.8), where, the kinetic
energy blows up at the blow-up time. Thus, while the Constantin-Lax-Majda model does
not necessarily capture the physics of the Euler equations, it provides a “reasonable” one-
dimensional playground.

5 The weak solutions of the Navier-Stokes equations

We will now start looking at the existence and regularity of the solutions of the Navier-Stokes
equations. In order to focus on the less technical points, we will consider the periodic solutions
of the Navier-Stokes equations:

u +u-Vu—vAu+ Vp = f(z),
V-u=0, (5.1)

u(0, ) = up.
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Here, f is the forcing term, and wug(z) is the initial data. We assume both to be 1-periodic in
all directions: f(z +¢€;) = f(x), uo(z +€;) = ug(z), with j = 1,2 in R? and j = 1,2,3 in R3,
We will look for periodic solutions of (5.1) in R, n = 2,3. As the integral of u is conserved
if f =0, we may (and will) assume without loss of generality that

(u) = /n u(t, z)dx = 0. (5.2)

Here, T" = [0,1]" is the unit period. When f # 0, (5.2) holds, provided that (f) = 0.
Otherwise, we have a separate equation for (u):

du)
B— . (53
Thus, we may assume without loss of generality that (f) = 0, and (5.2) holds.

The two and three dimensional cases are very different. In two dimensions, we will be
able to show existence of regular solutions for all ¢ > 0, provided that the forcing f(x) and
the initial condition ug(x) are sufficiently regular. On the other hand, in three dimensions,
we will only be able to show that there exists a time T, that depends on the force f and the
initial condition ug so that the solution of the Navier-Stokes equations remains regular until
the time T,.. However, if the initial data and the forcing are sufficiently small (in a sense to
be made precise later), then solutions of the Navier-Stokes equations remain regular for all
times ¢ > 0. This will be shown using the dominance of diffusion over the nonlinearity for
small data.

The weak solutions

The distinction between two and three dimensions is less dramatic if we talk about weak
solutions. As is usual in the theory of weak solutions of partial differential equations, the
definition of a weak solution of the Navier-Stokes equations (5.1) comes from multiplying it
by a smooth test function and integrating by parts. First, we note that any test vector field v
can be decomposed as a sum of a gradient field and a divergence-free field:

() = ¢(x) + Vn(z), (5.4)

with V- ¢(x) = 0. This is known as the Hodge decomposition. In the periodic case it is quite
explicit: write ¢(z) in terms of the Fourier transform

Pla) =Y e, (5.5)

kezn
st (i) (- k)
n(x) = Z ul 5 eFmhe g (z) = Z F 5 ke?mike (5.6)
2milk| ||
keZm k£0 keZm k£0
Then, the Fourier coefficients of the difference
B = 9(@) = Vafa) = 3T (n = k) e (5.7)

ke€Zn k#£0
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are

(Y - k)

B) = 32 o™, = = ok (5.8)
kezr
They satisfy
thus the vector field ¢(z) is divergence-free:
V- o(z) =0. (5.10)

Let now u(t, z) be a smooth solution of the Navier-Stokes equations

w +u-Vu+ Vp=vAu+yg, (5.11)
Vou=0. (5.12)

We will also decompose the forcing term
g=f+V(withV.f=0. (5.13)

The first observation is that if we multiply (5.11) by Vn(z) and integrate, then we simply
get the Poisson equation for the pressure. Indeed, if w is a smooth periodic vector field,
and V- w = 0, then

/ w(z) - Vn(z)dr = —/ n(x)(V - w)(z)dx = 0. (5.14)
It follows that
/ (ug - Vn)dz = / (Au - Vn)dx = 0. (5.15)
For the pressure we have:

/H(Vp -Vn)dr = — /n pAndzx, (5.16)

while for the nonlinear term we get, after an integration by parts, using the divergence-free
condition on wu:

/ ((u-Vu) - Vn)de = / w; (0jur)Opndx = —/ u;uy(0;0Kn)dz. (5.17)
We deduce that, for any test function n(z), we have
[ wan+ wun@oends = [ g-9n= [ vevy (5.18)
n n Tn

This is the weak form of the Poisson equation
—Ap = (O5ur)(Oku;) — AC. (5.19)

On the other hand, when we multiply (5.11) by a divergence-free smooth vector field w(zx),
the pressure term disappears:

/ (w- Vp)dx =0, (5.20)
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and the nonlinear term may be written as

/ ((u-Vu) - w)de = / w; (Ojup ) wpdr = —/ ujuR0jwide. (5.21)

Thus, if w is a C*°(T") periodic divergence-free field, integration by parts gives

/n[ut cw — ujudjwyldr = I//n (u- Aw)dz + /Tn(f -w)d. (5.22)

For now, we say that u(t, ) is a weak solution of the Navier-Stokes equations if (5.22) holds
for all periodic smooth divergence-free vector fields w(x). A little later, we will make this
notion more precise, setting up the proper spaces in which the weak solutions live, and relaxing
the C'*° assumption on the test function.

The Galerkin approximation

In order to construct the weak solutions, we will consider the Galerkin approximation of
the Navier-Stokes equations. In the periodic case, this is equivalent to the projection of the
equations on the divergence-free Fourier modes with |k| < m, where m > 0 is fixed. That is,
given a vector-field

Y(z) = Z ape*™ kT, (5.23)

kezZn
we set ( .
(m) (.. _ _ g omik-x
D (z) = Poih(x) u; (a i e, (5.24)
so that, in particular,
V-t =0, (5.25)

Note that if 1/ is a divergence-free vector field then (™ is simply the projection on the Fourier
modes with |k| < m.
The Galerkin approximation of the Navier-Stokes equations

u +u-Vu+Vp=vAu+ f, (5.26)
with u(0,z) = ug(x), and a divergence-free force f: V- f =0, is the system

oul™

e P (u™ - V™) = pAul™ 4 £ m(0) = o™, (5.27)

This is a finite-dimensional constant coefficients system of quadratic ODE’s for the Fourier
coefficients w,, of the function u(x) with |k| < m. If the function f is time-independent,
this system is autonomous. The goal is obtain bounds on the solution u(™ of the Galerkin
system that would allow us to pass to the limit m — 400, leading to a weak solution of the
Navier-Stokes equations.
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A bound on the energy for the Galerkin solutions

We fix an arbitrary time 7' > 0 throughout the analysis of the Galerkin system. As (5.27)

is a system of constant coefficient non-linear ODEs for the coefficients wuy, |k| < m, it has a

solution for a sufficiently small time ¢ > 0 (which a priori may depend on the initial data u(m),

as well as on m). However, unlike partial differential equations, such ODEs may lose solutions
only via the blow-up of the energy

™15 = Jul?, (5.28)

[k|<m

and that, as we will now show, can not happen in a finite time. Indeed, we have

/ (P (u™ - Vu™) 4™ dg = / ((u!™ - V™) . ™) dz = 0. (5.29)

We used the definition of the projection P,, in the first identity, and the incompressibility
of u™ in the second. Therefore, multiplying (5.27) by u(™ and integrating, we obtain

1d

—— | W™ Pdr = —1// \Vu(m)|2dx—l—/ (f - um™)dz. (5.30)

We will now use the Poincaré inequality

2 2z < | |Vo[ 5.31
= [ lofar< [ (ol (531)

that holds for all mean-zero periodic functions ¢. With its help, identity (5.30) implies
that E(t) = [|ul™)||? satisfies

1dE

5@ S 471' VE + Hf H \/ < 47T l/E +27T2VE(t) +
< 27r*E(t) + —| I f|5- 5.32
< —2r% ()+8W2V||f||2 (5:32)
Therefore, we have the inequality
d 2
—(E(t A Vt) 2 4Ar? Vt 5.33
S(BO) < o llBe (5.33)
Integrating in time leads to an estimate
1 t
B(t) < BO)e ™ + o [ e 9 () s (534)
0

The estimate (5.34) relies on the finiteness of the L2-norm of the forcing f. Another way
to estimate the right side in (5.30), relying only on the finiteness of a weaker norm of f, is to
use the inequality

(f g)dz| =

Z Trgr| <

keZm

1/2 | |2 1/2
2121 ¢ |2 9k
< (z a2y ) (Z m) ~ 19 el

kezm kezZm
(5.35)
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with the H'-norm defined as in the above inequality. Using this inequality in (5.30) gives

1dFE m m m v m 1
s S —v||[Vu ™3+ [[Vu™ |2 f L < —v]|Vu™ |13 + §IIVU( 13+ ;Hfllim
(5.36)

v m 1
= IV + L

Now, we use the Poincaré inequality to obtain:

dFE Cy
— < —CwE+ =||fl4-
dt = 1V + v HfHH 1,
with universal constants C; and C5. Integrating this differential inequality in time leads to
another estimate for F(t), which involves only || f||z-: and not || f]|2:

Cl t
[ e ) s (5.38)
0

14

(5.37)

E(t) < E(0)e " +

An enstrophy bound
The same argument provides a bound on the enstrophy D(t) = || Vu(t)||3. Indeed, integrating

inequality (5.36) in time leads to

[ (m) 2 Lomyga . L [T oo
§Hu (T)ll5 + 5 [Vu'™ (s, z)|*dzds < §Huo > + % £ () [r-1ds. (5.39)
Tn vV Jo

The function spaces and an executive summary
Now, we need to introduce certain spaces. We denote by H the space of all mean-zero vector-

valued functions u in the space [L?(T™)]", with zero divergence (in the sense of distributions):

H={ueL*T"): V-u=0, (u) =0}, (5.40)

with the inner product
(Fo) = [ (- g)te (5.41)
In other words, a vector field u € H if its Fourier coefficients in the expansion
u(z) = Z ue ke (5.42)
kezn
satisfy ug =0, k- up =0 for all k € Z" = 7"\ {0}, and
(5.43)

lullz = > Junl? < +oo.
keZ?

We also denote by V' the space of divergence-free functions in the Sobolev space H*(T™):
V={ue H(T"): V-u=0, (u) =0}, (5.44)
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with the inner product

o= [ (g 5 (5.45)

for two vector-valued functions f and g. That is, u € V if its Fourier coefficients satisfy ug = 0,
as well as k - up = 0 for all k, and

lully = 1B Pfug)* < +o0. (5.46)

keZn

The dual space to V' consists of all distributions with the Fourier coefficients that satisfy

2
s = 3 ||1]L:||2 < 00, 1y = 0 and k - ug = 0. (5.47)
keZy

We will occasionally use the Sobolev spaces H*, s € R, of divergence-free functions: we say
that u € H*(T") if its Fourier coefficients uy, satisfy
1/2
— _ _ 2s 2
uo =0, k-up =0 and [[ul|gs = | D []*[us] < +o0. (5.48)

keznr

We have, with this notation V = H' and V' = H~!. The spaces L*(0,T; H) and L?(0,T;V)
have the respective norms

T T
WMémﬂm:i£|W@Wiﬁ7HWémmm=iA|W@W%ﬁ‘ (5.49)

Summarizing our analysis of the Galerkin system so far, and rephrasing the results in terms
of the spaces H, V and V', we have proved the following.

Proposition 5.1 Assume that f € L*>(0,T;H). Then, the Galerkin system (5.27) has a
unique solution u'™ € L?(0,T;V) N L>(0,T; H). More precisely, there exist two universal
constants C; > 0 and Cy > 0 so that

t
™ @) < uollse™™ + o [N @ds. 6.50)
C t
™ Ol < luallye O+ 2 [ e 1(s) s (551)
T 1 ’ T
[ s < ol + 55 [ 1) s (552)

The Galerkin approximation: bounds on the time derivative

The next step is obtain bounds on the time derivative of u(™. They will be needed in the
passage to the limit m — +o00, to ensure that the limit is weakly continuous in time. Let us
write the Galerkin approximation of the Navier-Stokes equaitons as

Hul™
ot

= vAu™ — P, (u™ - Vu™) 4 fm (o) = u((]m). (5.53)
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We will aim to obtain the following bounds on ut . The estimates are slightly different in
two and three dimensions.

Proposition 5.2 Assume that f € L*(0,T;V’). There exists a constant C which depends on
the norm ||uo||m of the initial data ug, the L*(0,T;V')-norm of the forcing f, and the viscosity
v but not on m so that the solution of the Galerkin system (5.27) in dimension n = 3 satisfies
the estimate

T
oul™ 4/3
5.54
/0 H ot v (5:54)
and in dimension n = 2 it satisfies
T
Au ™ 2
' ( 5.55
[ 155l < (.55)

For the proof, we will estimate individually each of the terms in the right side of (5.53). As we
assume that f € L*(0,7;V"), the forcing term in is not be a problem either in dimension two
or three. The Laplacian term in (5.53) is also bounded in L?(0,T; V"), as follows from (5.52):
the Fourier coefficients of Au are |k|?ug, hence

k
JAul, = Z’ Juel? = Jul2, (5.56)

kEZ"

thus

T T 1 m 1 T .
|18 s = [l ds < S + 5 [ ds 657

The nonlinear term will require the most effort. We will establish the following bounds.

Lemma 5.3 There exists a constant C' that so that in two dimensions we have, for any
function u € V:

[(u- Vu)lly: < Cllullullully, n=2, (5.58)
and in three dimensions we have
(- V) [lyr < Cllull i |ulli?, n (5.59)

Together with the uniform energy bound (5.51) and the enstrophy bound (5.52), this implies
the conclusion of Proposition 5.2. Indeed, in dimension n = 2, (5.58) gives

T T T
/ | Pl - V) (5)[2ds < / (- V) (s)[[2ds < ( sup [fu(®)]l3) / lu(s)|2ds < C.
0 0 0<t<T 0
and in dimension n = 3, (5.59) leads to

| 1Pt T < [ Vo @lds < (s @l [ sl <o

Thus the proof of Proposition 5.2 is reduced to proving Lemma 5.3.
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The proof of Lemma 5.3: bounds on the nonlinear term

Note that
(- V)l = [[(=A) "2 (u- Vu)| . (5.60)

The operator (—A)~'/2 is defined via its action on the Fourier coefficients of a mean-zero
function u(x):
(~A) u(z) = Y %e%m. (5.61)
kezn
This operator commutes with the projection P,,, as, in particular, it preserves the incom-
pressibility of u. Continuing (5.60) leads to

(- V)l = [(=2)"2 (- V)|l = [(=A)"*(u- V)4 (5.62)
Hence, Lemma 5.3 can be restated as follows.
Lemma 5.4 Let u € V', then in three dimensions we have the estimate
I(=2)72 (- V)|l < Cllul?[lull}?, (5.63)
while in two dimensions we have
I(=2)"2(u- Vu)llg < Cllullmlullv, (5.64)

Proof. In this proof, we will use interchangeably the notation ||u||g: and |lu|y. Take an
arbitrary v € H and w € H and write, for the inner product in H:

(=A)"Y2(u - Vu),w) = ((u- Vu), (=A)"V2w). (5.65)
In three dimensions, we will show
Lemma 5.5 In dimension n = 3, for any u,v,w € V we have
(- Vo), w)| < Cllull gz l|v][m [w]] - (5.66)
Applying this estimate in (5.65) gives
(=) (u- V), w)| = |((u- V), (=8)72w)| < Cllull gzl | (=2)72w) [ (5.67)

As
1(=2)""*w) | = |Jw]m, (5.68)

and

1/2 1/2
lulle = > [kllugl* < (Z W\ukF) (Z \ukP) = [lullmllullv, (5.69)

kezn keZm kezn

we deduce from (5.65) that in three dimensions we have
[((=2)72(u- Vu),w)| < Cllull g [ully/llw] o (5.70)

As this estimate holds for all w € H, (5.63) follows.
In two dimensions, we will show
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Lemma 5.6 In dimension n = 2, we have
|((u- Vo), u)| < Cllullaflulla (o]l - (5.71)
To see that this implies (5.64), we write, using incompressibility of u:
(=2)"2(u- Vu),w) = ((u- Va), (=) ?w) = —((u- V(=2)"w), u). (5.72)
Applying estimate (5.71) in (5.72) gives

[(=2)72(w - V), w)| = [((u - V(=A)"w), u)| (5.73)
< Cllull2ll(=2) 2wl lJullm = Cllullallullm |[wl-

As this holds for any w € H, we conclude that (5.64) holds in two dimensions.

Thus, we only need to verify (5.66) in three dimensions and (5.71) in two dimensions to
finish the proof of Lemma 5.4.

Proof of Lemma 5.5. In three dimensions, we use Holder’s inequality to get

(e Vo)) < [ Tus@ueunlde < s [ Vollgrs o oes
T3
= HUHLS(TS)”UHHl(TS)Hw||L6(T3)' (574)
The Sobolev inequality says that, for m < n/2,

[flzsqeny < Cflm ). (5.75)

as long as

IV

N =
SE

(5.76)

|

Therefore, we have in three dimensions
HUHLS(T3) S CHUHH1/2, (577)

and
|wl|ze(rsy < Cllwl| sy (5.78)

It follows then from (5.74) that
(- o), )| < el ars ol oo loll oy < Clalgamo ol ol sy, (5.79)
which is (5.66).
Proof of Lemma 5.6. In two dimensions, we proceed similarly: Holder’s inequality
implies
(- V), w)] < sl e ol . (5.80)
The Sobolev inequality (5.75) in two dimensions implies that
I lzecee) < Ol S - (5.81)
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Using this in (5.80) leads to

(- Vo), )] < Jull eyl ol s < Cllull s lollm s loll . (5.82)

As
Jul| 12 < lull2llwllm, (5.83)
we obtain
((u- V), w)| < C|ull gz llull g lJwl| z2l[wl| z0 ) [[0]l 1 2y, (5.84)
hence
(- Fo), )] < Cllulz2lfullm o], (5.85)

which is (5.71). This finishes the proof of Lemma 5.4. O

A compactness theorem

We have deduced above uniform in m a priori bounds on the solution u(™ of the Galerkin
System
ou™
ot

The next step is to use these uniform bounds to show that the sequence u(™ has a (strongly)
convergent subsequence in L?(0,7; H). As we will see, the limit of this subsequence will be a
weak solution of the Navier-Stokes equations. We will use the following result.

+ P (u™ - Tul™) = pAul™ 4 £ () =y, (5.86)

Proposition 5.7 Let u,, be a sequence of functions satisfying

[t (8[| < C, (5.87)
forall0<t<T,
/OT lum(s)|2ds < C, for allm = 1,2, . (5.88)
and T\ o) ,
/0 H 5 (t) y < C, forallm=1,2,..., (5.89)

with some C' > 0 and p > 1. Then there erists a subsequence Uy, of u, which converges
strongly in L*(0,T; H) to a function u € L*(0,T;V).

Proof. The uniform bound (5.88) implies that there exists a subsequence u,,, which con-
verges weakly in L?(0,T; V) to a function u € L?(0,T; V'), which also obeys the bound (5.88).
In addition, using the diagonal argument, we may ensure that the sequence of time deriva-
tives ugm) converges weakly to the derivative u; in LP(0,7;V"). Thus, the estimate (5.89) also

holds for the function u. The difference

Wj = Uy, — U
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converges weakly to zero in L?(0,7;V), and (5.87)-(5.89) hold for w; as well. Our goal is to
prove that the convergence of w; to zero is strong in L*(0,T; H). Note that for any f € V

11l < (LA ALl ) 2, (5.90)
hence, for any § > 0 we have

1713 < A% + 51715 (59
The uniform bound (5.88) for the functions w; and (5.91) imply

r 2 ]‘ r 2
/0 s |2t < 05+5/0 ;|2 (5.92)

Our goal is to estimate the second term in (5.92), and show that it goes to zero as j — 400,
with ¢ > 0 fixed. Note that
lw; @)y < flw; ()]l < C. (5.93)

Thus, the Lebesgue dominated convergence theorem shows that it suffices to show that
|w;||v: — 0 pointwise in t € [0, 7. (5.94)
To this end, given a time ¢ > 0 and ¢ <t < T, let us write

w;(t,x) = w;(s, ) +/ Wdﬂ (5.95)

s

and average this identity over s € [t — ¢, 1]:

1 t
wj(t,x):g/ wj(s,x)ds + — / /8wj7'x
t—e

1 ow;(T,x)

t
= g [_8 U)J(S $)d$ + - - /t_E(T —t+ €)Td7. (596)

In order to bound the first term, note that for any 0 < a < b < T the integral

I;(z) = /b w;(t, z)dt (5.97)

converges weakly to zero in V. Indeed, for any v € V', the function x4 (¢)v(x) is an element
of L*(0,T; V"), and w; — 0 weakly in L?(0,T; V), thus we have

/ dx—/ / wj(t, ) X[ap (t)v(2x)drdt — 0 as j — oo. (5.98)

As V' is compactly embedded into H, weak convergence in V' implies strong convergence in H:
the sequence I; converges strongly to zero in H. Thus, it also converges strongly to zero in V.
In particular, given any € > 0 and 6 > 0, for all j sufficiently large we have

1 t
/ wj(s,x)ds
t—e

. < d for j > J(e,6,1), (5.99)

VI
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giving a pointwise in time estimate for the first term in (5.96). For the second term in (5.96),
we may use the Minkowski inequality, followed by Hoélder’s inequality, with 1/¢g + 1/p = 1:

ow;(T, )

t ) t
1/(T_t+5)wd7 Sl/ (r—t+e) dr  (5.100)
e |/ or v € Jie or v
t 1/q t , P 1/p
Sz(/ <T_t+g>qdf) (/ Ouj(r, 2) dT)
IS t—e t—e 87— V!

ow; (7, x) ||

) T
< Cet/a (/
0 or v

for all 7 > 1. It follows from the above analysis that, given any € > 0 and 6 > 0, we may
find J(e,0,t) so that

1/p
dT) < C’El/q,

|w; )]y < 6 4+ CeV4, for all j > J(e,6,t). (5.101)
In other words, we have shown that
|lw;(t)|[v: — 0 as j — oo, pointwise in ¢ € [0, T7. (5.102)

As we have explained above, we may use the Lebesgue dominated convergence theorem to
conclude from (5.92) that the sequence w; converges strongly to zero in L?*(0,7; H). This
finishes the proof of Proposition 5.7. O

The weak solutions as limits of the Galerkin solutions

We will now construct the weak solutions of the Navier-Stokes equations as a limit of the
solutions u(™ of the Galerkin system as m — oco. In particular, the definition of the weak
solution we will adopt is motivated by the estimates on u(™ we have obtained above. We say
that u € C,(0,T; H) if the function ¢(t) = (u(t), h) is continuous for all h € H.

Definition 5.8 A function u is a weak solution of the (periodic) Navier-Stokes equations if

du

we L0, T;V)NL®(0,T; H)NCy(0,T; H) and 5

€ L,.(0,T;V"), (5.103)

and, for any v € V we have

/n u(t,z) - v(x)dr + I//Ot . Vu - Vodzds + /Ot /n((u -Vu) - v)dzds

t
= / uo(z) - v(x)dx +/ /f ~vdxds, forallveV and0<t<T. (5.104)
n 0

Let us check that each term in (5.104) makes sense if u satisfies (5.103), and v € V. The first
term is finite since u € L*°(0, T; H). The second is finite since u € L*(0,T; V). The last term
in the left side is finite because of the estimate (5.66):

1/2 3/2
(- V), 0)| < Cllull e ullm ollm < Cllulli® ([l o]v, (5.105)

as ||lul|g is uniformly bounded in ¢, and u € L*(0,7;V). Finally, the right side in (5.104) is
finite provided that f € L?(0,T;V’) and ug € H. The following theorem, due to Leray, is one
of the most classical results in the mathematical theory of the Navier-Stokes equations (we
state here its simpler version for the periodic case).
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Theorem 5.9 Givenug € H and f € L*(0,T;V"), there exists a weak solution of the Navier-
Stokes equations

u+u-Vu+Vp=vAu+ f, t>0, z €T (5.106)
V-u=0,

u(0,z) = up(x).

In additioon, this weak solution satisfies the energy inequality

1 ! 1 !
— [ |ul(t, ;1:)|2dx+v/ / |Vu(s, z)|*dzds < —/ |u0(q:)|2dx—|—/ f(s,z) - u(s,z)dxds.
2 Jn 0o Jrn 2 Jon 0 Jn

(5.107)
Moreover, we have
0
(9_1; € LY3(0,T; V") in dimension n = 3, (5.108)
and p
8_7;56 € L*(0,T; V") in dimension n = 2. (5.109)
Proof. Let (™ be the solutions of the Galerkin system (5.27):
oul™ m
Zét + P (u™ - Vu™) = pAu™ 4 00 4m(0) = u(() ), (5.110)

The estimates we have obtained in the previous section imply that, after extracting a subse-
quence, u™ converge strongly in L?(0,T; H) and weakly in L?(0,7; V) to some u. Moreover,
the functions u(™ satisfy a uniform continuity in time bound in V'

tau(m)
(M) () — ™ (g) — d 111
W) = u(s) = [ S, (.111)

thus
(m) (m) e va (124", v
m —u\™ < < (t —
) = i@l < [ |25 < = se ([ 255! ar)
T ou™ p 1/p

< (t—s)Vo H dr) < O@t—s)V 5.112
<a-on ([ )% ar) <o (5.112)

with p = ¢ = 2 in dimension n = 2, and p = 4/3, ¢ = 4 in dimension n = 3. Thus, u obeys
the same estimate, and u € C'(0,7;V’). We also know that

O™ . ou
ot ot’
weakly in L*/3(0,T; V") in three dimensions, and weakly in L?(0,7; V") in two dimensions.
Given any v € V we multiply the Galerkin system (5.110) by v and integrate:

t
/ u(m)(t,x)v(x)dx+/ / (W™ - Vu™) . (P,v)dzds
n O mn
t t
= —V/ vu™ . Vudads —I—/ u(()m) (x)v(x)dz +/ fvdxds.  (5.113)
0 JTn n 0 JTn
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We pass now to the limit in this identity, looking at each term individually. The first term in
the right side is easy:

t t
/ Vul™ - Vodrds — / Vu - Vudzds, (5.114)
0 T~ n

because u™ converges weakly to u in L?(0,T;V). Next, we look at the nonlinear term: set

// u™ - Tulm™) - ( Pvdxds—// u - Vu) - vdzds. (5.115)

Let us recall (5.66):
(- Vo), w)| < Cllull gazl|v][m [w]] s (5.116)

This inequality holds both in two and three dimensions and implies that

t
(u-Vu) - (Ppv —v)deds| < (/ Hu(s)H%/ds) | P —v||v < C||Ppv — vy — 0,
n 0
(5.117)
as m — oo. Hence, A,, has the same limit as m — oo as
t
= / / (u™ . Vu™ — - Vu) - (Pyv)drds = By + Bs, (5.118)
where B, 5 correspond to the decomposition
) V™ — Vu—u V™ Vu+u'™ . Vu—u-Vu
= ulm (Vu Vu) + (u(m) —u) - Vu. (5.119)

To estimate B;, we write

B - /0 t / (™ (Tul™ — Vu)) - (Po)dads = / / )V Py) - (o™~ )deds.

(5.120)
The same proof as for (5.66) shows that
[(u - Vo), w)| < [lullv[lollvwll g (5.121)
Using this in (5.120) gives
B < [ I lel6) = u(s) s (5.122)

< vllv (/ (™) ||Vd3) (/ (s) )||H1/2d8)1/2
<t ([ o) (it o)

< C||u(m) — |20,y — 0, as m — oo,
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as ul™ converges to u strongly in L?(0,T; H). As for By, we write

Bal = | [ [ (@ =) Va0 - (Ropdeas| < [ (s) = o)Ly o v

< el Nl 1™ (5) = ()| 2oy = 0, (5.123)

for the same reason as in (5.122).

In order to pass to the limit in the two terms in (5.113) that do not involve the time
integration, we first note that u(()m) converges strongly in H to uy. Furthermore, as u(™
converges weakly to u in L2(0,7T;V), we may extract a subsequence so that u(™ (t) converges
weakly in V' to u(t) (pointwise in t), except for t € E, where E is an exceptional set of times
in [0,7] of measure zero. Weak convergence in V implies that u(™(t) converges strongly
to u(t) in H for t ¢ E. Hence, taking t ¢ F and passing to the limit m — oo in (5.113) we

arrive at

t
/ u(t, z)v(zr)dx :/ up(x)v(z)dx —/ / (u-Vu) - vdzds
n Tn 0 n
t t
—u/ Vu - Vudzds +/ fudzxds. (5.124)
o Jrn o Jrn

Given the a priori bounds on u, the right side of (5.124) is a continuous function of ¢, defined
for all t € [0, 7], not just t € E. In addition, we know that u(¢) is continuous in C,,(0,7; V"),
and coincides with the aforementioned right side of (5.124) for ¢t ¢ E. This continuity implies
that u(t) coincides with the right side of (5.124), which means that it satisfies (5.124) for all
t € [0,7], giving us a weak solution of the Navier-Stokes equations.

The fact that u € C,(0,7; H), and not just u € C(0,7;V") follows from (5.124), the
density of V' in H and the uniform in ¢ bound on ||u(t)| a.

To obtain the energy inequality, we start with the identity

1 ¢ 1 (m ¢
S ™ @O + v / [u®™ (s)ds = 5 llug™ 17 + / f - ududs. (5.125)
0 0 Tn

The right side converges, as m — 0o, to

1 t
5”“0”%4'”/ / [ - udxds. (5.126)
to n

In the left side, we may use the Fatou lemma to conclude that, as u{™(t) converges weakly
in H to u(t) for all t € [0,T], we have

1 t 1 t
S lu®l% +v / lu(s)ll3-ds < 5 lluolf + / |- udads. (5.127)

This completes the proof. O
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Uniqueness of the weak solutions in two dimensions

One of the main issues with weak solutions in general in nonlinear partial differential equations
is the issue of uniqueness — it is often much easier to show that they exist than to prove their
uniqueness. Uniqueness of a weak solution hints that it is a “correct” solution. The problem
of the uniqueness of the weak solutions for the Navier-Stokes equations in three dimensions
is still open. In two dimensions, we know that the weak solutions of
uy +u-Vu+ Vp=vAu, t>0, zcT? (5.128)
V.-u=0,

u(0,z) = ug(x).
are unique.

Theorem 5.10 Let f € L*(0,T;V') and uy € H. If uy and uy are two weak solutions
of (5.128) which both lie in L*(0,T; V)N L>(0,T; H) N Cy,(0,T; H), then u; = us.

Proof. First, we note that if u is a weak solution of (5.128) in L*(0,7;V) N L>(0,T; H)
then u; € L*(0,T;V"). Indeed, for any v € V we have then

(u,v) = —v(Vu, Vo) — (u - Vu,v). (5.129)

As
AU = [lullf, (5.130)

the first term in the right side of (5.129) is bounded in L?(0,T;V"). For the second term, we
use the bound
|(u - Vu), o] < Clluflullullvv]lv, (5.131)

which holds in two dimensions and implies that
Ju- Vully: < Clluflallullv (5.132)

and thus

T T
/ - Vau(s)[2ods < (sup [lull?) / lulds = [ullseiorm lulZazy. (5.133)
0 tE[O,T] 0

Thus, we know that u; € L?(0,T;V’). Let us denote w = u; — up. This function satisfies

wy +uy - Vw4 w - Vuy +Vp =vAw, t>0, z € T?, (5.134)
V-w=0,
w(0,2) =0,

with p' = p; — po, and we know that w, € L*(0,T;V").
Multiplying by w and integrating over the torus gives

/ wy-w+v | |Vw|rdz + / Wi (0jUg 1 ) Wipdx = 0. (5.135)
T2 T2 T2
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As w, € V' for a.e. t, and w € V for a.e. t € [0,T], identity (5.135) holds for a.e. ¢t € [0, 7.
We have, as in (5.131):
[(w - Vug, w)| < Cllwllu|[uzllv[lw]y. (5.136)

Asw € L*(0,T; H) and up,w € L*(0,T, H), we conclude from (5.135) and (5.136) that

/0 (wat), w(t))|dt < +oc.

Now, (5.135) implies that

d C
el < Cllwllulluallvlwly = vilwly < —luslly wl- (5.137)

As
T
/ Hugﬂ%/dt < +00,
0

Gronwall’s inequality implies that
t
@)l < IO rexe { [ lus(s)ldsh =0, (5.138)
0

since w(0) = 0. This finishes the proof. O

6 Strong solutions in two and three dimensions

Uniqueness of strong solutions in three dimensions

We say that u is a strong solution of the Navier-Stokes equations (in either two or three
dimensions) if u is a weak solution, and, in addition, v € C\(0,7;V), and the following
bounds hold:

sup |Vu(t, z)*dz < +oo, (6.1)
te[0,T] J T
and
T
/ Au(t, ) Pdadt < +oo. (6.2)
o Jrn

The motivation for this definition comes from two properties that we will prove: first, unlike

for the weak solutions, one can show that strong solutions are unique in three dimensions

(existence of strong solutions in three dimensions is an important open problem). Second, as

we will show, the conditions in the definition of the strong solutions are sufficient to show

that they are actually infinitely differentiable if the initial data uy and the forcing f are.
First, we prove their uniqueness in three dimensions.

Theorem 6.1 Let uy o be two solutions of the Navier-Stokes equations on T with the ini-
tial data wy € H and f € L*(0,T;H). If both uys satisfy (6.1) and (6.2), and they lie
in Cy(0,T;V) then u; = uy.
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Proof. We argue as in the proof of uniqueness of the weak solutions in two dimensions.
Let w = uy; — us, so that

0
(O w) 4 vl + (- Vg, w) = 0, (6.3

as in (5.135). We now use the estimate
1/2 1/2

[(w - Vi, w)] < Cllw|l g2 |wl]| g ]l 17 | Al ]3>, (6.4)

It is obtained as follows: recall that in three dimensions we have
w3 (rs) < Cllwl] sz, (6.5)

thus

[(w - Vu,w)| < /Ts |wl|Vul|lwldz < [|wl|zs]|Vullgs||lwll s < Cllwl|3: |Vl g1/2 (6.6)
1/2 1/2
< Cllwll e lwar lfull 7 [ Aul|

L2

which is (6.4). Using the bound (6.4) in (6.3) leads to

1d C
§£(Hw\|iz) +vfw|iy < ;!\wllizlllL!\Hll\AUIlz +vfwli. (6.7)

It follows that 14 o
5@(\@”%2) < ;HUHHlHAUIbHW\!%- (6.8)

—~

Now, Grownwall’s inequality implies that w(t) = 0 provided that w(0) = 0, and

t
/ ull 21 | Aullads < +oo, (6.9)
0

which is a consequence of (6.1)-(6.2). O

Construction of the strong solutions in two dimensions

We now use the Galerkin system in two dimensions to show existence of global in time strong
solutions of the Navier-Stokes equations in two dimensions. Once again, we restrict ourselves
to the simpler case of the two-dimensional torus T2. As we did to show the existence of weak
solutions, we will use the Galerkin system

oul™)
ot

+ P (u™ - Tul™) = pAul™ 4 00y (0) = o™, (6.10)

and then pass to the limit m — +oo. As we have already shown the uniqueness of the weak
solutions in the two-dimensional case, this will show that weak solutions are actually strong
in two dimensions.

49



Galerkin solutions are often not large

The first step is to show that solutions of the Galerkin system are “often not large” — this
will be made precise soon. The second stepp will be to show that if solutions are not too
large often then they can never be large. Taking the inner product with u(™ we obtain the

familiar identity
1d

2dt
We may use the Poincaré inequality

1
/|u Wdr = 3 Jusl2 < 3 b2 uef? = 7r2/ Vul2de, (6.12)
’]I‘n

kezn kezn

— ™G + v Vu™ g = (™). (6.11)

to conclude from (6.11) that

5 W™+ oIV < 7 +

1 v
(m)y]|2 2 (m)y (2
B < < 13+ 21T
(6.13)
We deduce the bounds we have seen before: there exist two explicit constants Cy 2 > 0, so
that

t O t
v I s < ool + S [ 17 (6.14)
0 0
and
(m) 2 2 —Chut Cl ! —Cav(t—s) 2
[ @ < lluollzze™" + —= [ e 1/ [z ds- (6.15)
0
In particular, if f € L>°(0,7T; H), then
m —owt , O1
lu™ )3 < lluollFe™ iy (1) (6.16)
with
[flloe = sup [|f(£)][z- (6.17)
>0

Our next goal is to get uniform in time bounds on ||u{™(#)||y- — this is not something we
have done in the construction of the weak solutions, because such bound holds only in two
dimensions, and not in three, while the weak solutions can be constructed both in two and
three dimensions. The first step in that direction is to show that this norm can not be large
for too long a time.

Proposition 6.2 Let u(™(t) be the solution for the Galerkin system with f € L>(0, +oo; H)
and uy € H, in either two or three dimensions. Then in every time interval of length T > 0
there exists a time ty so that

- 2 C 1
)l < 2 (lualls + S +7). (6.18)
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Proof. Inequality (6.15) implies that

! Cit
v [ 19 s < uoll + S (6.19)
and (6.15) that
m Ch
WO < ol + 211 (6.20)

Let us also integrate (6.13) between the times t and ¢ + 7, leading to

t+1 ) ) Cl ) Cl 1
v lu(s)llvds < Nl + = flloom < ol + —=l1fllee(— + 7). (6.21)
t

The right side above does not depend on the time ¢. Therefore, on any time interval [t,¢ + 7|
we may estimate the Lebesgue measure of the set of times when |Ju(s)||y is large:

. 1 C 1
(s selttnlse WO 2 o < o (laly + G +0) . 62)

In particular, taking

2 C 1 1/2
= | = (alt+ 1 +7))]

we arrive at the conclusion of Proposition 6.2. O

Galerkin solutions are never large

Next, we will get rid of the “sometimes not large” restriction in Proposition 6.2, showing
that in two dimensions Galerkin solutions are never large in V. We will prove the following
estimate for the solutions of the Galerkin system

OHul™)

Proposition 6.3 Let u™ be the solution of the Galerkin system (6.23) with the initial
data ug € H and f € L*(0,T;H). There ezists a constant « that depends on v, ||uo|lm
and || f|lse but not on m so that u'™ satisfies the bounds

|u™ @)||y < o for all t > 1, (6.24)

and o
™ @)y < n forall0 <t < 1. (6.25)

In addition, if ug € V then there exists a constant oy which depends v, ||uol|lg and || flloo but
not on m so that
|u™ )|y < o for all0 <t < 1. (6.26)
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Proof. The idea is to use Proposition 6.2 — we know that for any time ¢ > 1 there is a
time ¢y € [t — 1,t] so that the norm ||u(to)|v < «, with the constant o which depends only
on v, ||ug|lg and || f]|s- The additional ingredient in this proof will be a control of the growth

of ||ully on the time intervals of length 1.
We multiply (6.23) by Au and integrate. The first term gives

/ W™ Au™dr = — [ Tl Vumde = — L L @),
. ., 2 di

so that the overall balance is

5 dtnw YOI + v Au [ = (W™ Vul™), Aut™) = —(f, Aut™).

For the nonlinear term, we will use the inequality
1/2 3/2
(- V), Aan)| < [l [l | A7

which holds in two dimensions. The proof is similar to that of (5.71): we write

|((u- Vo), w)] < /T |(u0jv)wildz < flu- Vol |wl[r2 < [Jull |Vl aflw] 2.

The Sobolev inequality

N |
=3

1| zacrny < CN fllerm(rny,

|

implies that in two dimensions we have

1 llzscrzy < Cllfarzce)-

Using this in (6.30) leads to

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

1/2 1/2 1/2 1/2
|((w - V), Aw)| < [l oo [l groe | Al 2 < (ullig 2 el el Al 32 | A

1/2 3 2
= ully*l[ullv ]| Aul

(6.33)

which is (6.29). It follows that the nonlinear term can be estimated, using the inequality

C
b < 4/3 _b4
wsgenT v3

as
v C
(v~ Vu), Au)| < ZHAUH?{ + ;IIUII?{HUH%/-

Returning to (6.28), we obtain

2dt
< LA 3+ B+ 2 A+ R

92

LT @)+ A 3 < (- Tu), M) 4 | o A

(6.34)

[ (6.35)



We conclude that

1d v C C
= ], (m) 2 -z M) 12 < 1,12 [, (M) |4 el 2
e O+ 218w < B + 71 (6.36)
Let us set
20 (! 2 )
G(to;t) = 5 ()| [[u(s)[5-ds, (6.37)
to
then (6.36) implies, for any t > to:
d " C
%(HU( )||%/exp{—G(t0;t)}> < ;||f||§oeXp{—G(to;t)}- (6.38)

Integrating between ty and ¢ gives
Cf t
[u™ @3 < [ (t0) I exp{ G (to; 1)} + —lIf1% eXp{G(to;t)}/ exp{—G(to; s) }ds
to

C t
< ™ o)} exp{Gltast)} + 112 [ exp(Glsit))ds

< ™ () exp{Cios 1)} + NI (¢ — to) exp{ Gl 1)) (6:39)

Now we will use the “sometimes small” result in Proposition 6.2. Given 7 > 0 and ¢t > 7 we
may find ¢y € [t — 7,¢t] such that

Jutto)l < a(1+2), (6.40)

with the constant o > 0 that only depends on v, ||ug||xz and || f]|s but not on m or |Jug||y.
We may also use (6.21) to estimate G(to;1):

G(to;t) < a(l+71). (6.41)
Using this in (6.39) shows that for all ¢ > 7 we have

C
[t @I < [u® ()| exp{Gto; 1)} + — [ fIl%(t — to) exp{G(to; 1)} (6:42)
<a(l+ 1)6“(1”) + are+),

T

This bound is uniform in ¢ > 7. Hence, if we fix 7 = 1, we get a uniform in m estimate
for |[u™(t)||y for all t > 1, giving the bound (6.24).

In order to deal with times ¢ < 1, we will use (6.42) on the time intervals ¢ € [1/2%1 1/2*]
with 7 = 1/ 2k+1 " The point is that for such times ¢t and 7 are comparable: 7 < t < 27.
Therefore, for t < 1 we have an estimate

tu™ @)} < o, (6.43)

with the constant « that only depends on v, ||ug||g and || f||c but not on m or ||ug||y, which
is (6.25).

Finally, if we allow the dependence on the norm ||uglly, then for times ¢ < 1 we may
simply use the first line in (6.42) with ¢y = 0, together with the estimate

Glto=0,t =1) < 2a, (6.44)
which follows from (6.41). This gives (6.26) and finishes the proof of Proposition 6.3. O
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The strong solutions in two dimensions

The above bounds on the solutions u™ of the Galerkin system (6.23) allow us to pass to
the limit m — oo to construct solutions of the Navier-Stokes equations on a two-dimensional
torus

w4u-Vu+Vp=vAu+f, t>0, zeT? (6.45)
V.-u=0,
u(0, ) = ug(x).

Theorem 6.4 Assume that T > 0, ug € H and f € L*(0,T;H). Then there ezists a
constant C' > 0 which depends only on v, ||ugllg and || f|ls, and a solution of the Navier-
Stokes equation (6.45) which satisfies the bounds

Ju(®)||x < C, (6.46)

lu)|ly < C fort>1, and ||u(t)] < g for 0 <t <1, (6.47)
T

| u@la<c. (6.48)
0

In addition, for any s > 0 there exists Cy so that
T
/ | Au(t)||%dt < C,T. (6.49)

Moreover, if uy € V' then there exists a constant C' > 0 which depends only on v, ||ugl|ly and
Il flloo sO that

lu()|ly < C forallt >0, (6.50)

and
T
| 1wl < ot (6.51)
0

These bounds are inherited from the solutions of the Galerkin system, we leave the details
of this passage to the reader, as they are very close to what was done in the corresponding
passage in the construction of the weak solutions. We only mention that the L*(0,T; H)
estimate for Awu follows from (6.36). Note that we do not yet claim that if ug is an infinitely
differentiable function, then the solution u(t,x) is also smooth but only that u is a strong
solution in the sense that the aforementioned bounds on u(¢,x) hold. We will improve them
soon, assuming that ug is smooth.

Strong solutions in three dimensions: small data

While existence of global in time strong solutions in three dimensions is not known, strong
solutions do exist if the initial data and the forcing are small.
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Theorem 6.5 Let ug € V and f € L*(0,T; H). There exists a constant C' > 0 which depend
only on v, so that if

T
Juallr + [ 1Oy < C (652
0
then the Navier-Stokes equations
wHu-Vu+Vp=vAu+f, t>0, ze&T3, (6.53)
V.-u=0,

u(0,x) = uo(),
have a strong solution on the time interval [0, T] that satisfies

T
1
()15 +/0 [Au®)7dt < 5, (6.54)

forall 0 <t <T.

Note that if f = 0 then solutions exist for all ¢ > 0 if the initial condition is small: ||ug||xz < C.
The proof of this theorem, once again, relies on the estimates for the Galerkin solutions

u™ + P (u™ - Vu™) = vAu™, 4™ (0,z) = u(()m) (z), t>0, xeT. (6.55)

Taking the inner product with Au(™ as we did in the two-dimensional case, we obtain, as
in(6.28):

1d

S @+ v Au — @0 T, Au™) = ~(f, Au™). (656

In three dimensions, we may not use the two-dimensional estimate (6.29) for the nonlinear
term. Instead, we will bound it as

(- Vo, A)] < Ol P28l < Sl + 2wl (6.57)
This comes from the estimate
|(u - Vu, Au)| < Cllull o[ Vull s [ Aul| 2. (6.58)
The Sobolev inequality implies that in three dimensions we have
[ulls < Cllullgre, Nvllze < Cllvll . (6.59)
Using this in (6.58) gives
(- Vu, Au)| < Cllull o[ Vull 3| Aull 2 < Cllullm | Vull gz | Aull g < Cllul3E ]| Aul72,

(6.60)
which is (6.57). We will estimate the forcing term in (6.56) as

4 v
(7, 8u)| < IR + 2 Al (6.61)
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Altogether, with the above estimates, (6.56) implies

5 g [ OIF + v Au™ 5 < @™ - vu™, Au™) = (f, Aut™) (6.62)
C o v m C v m
< S g+ L+ T+ Y A,
This gives
1Ld, o C.om % " C C\oom Vi m C
SR W < S — LA+ S < S~ Dt
(6.63)
Therefore, the function y(t) = ||[u(™(t)||? satisfies a differential inequality
dy C 4
Sy vt —HfHH (6.64)
Hence, as long as
2
y(s) < —=, forall 0 < s < t, (6.65)
Vi
we have p o
Y
W< G, (6.66)
and
v <50+ 5 [ 1)l (6.67)
It follows that if o e
v+ = ds < — 6.68
ol + < [ il < 2 (6.68)
with a universal constant C' > 0, then
2
(m) (4112 v
u'"(t < —, 6.69
[u™ (@B < N7 (6.69)

for all £ > 0. This is the part of the bound (6.54) on ||[u™]|y,. In order to get the bound
on Au™ in L2(0,T; H), we go back to (6.62):

S S @+ LI Au™E < ™+ 2713 < Cvlu™ 3+ ZIfIE, (670

T
2 [ 1au@ia < i v oo [ o S [ isoa. e
As we also have
T C )
o [ Ol < okt + S [ s (0.72

we deduce that under the assumptions (6.52) we have

T
/ 1Au™ ()|2,dt < C. (6.73)

0

Passing to the limit m — oo we construct a solution of the Navier-Stokes equations u(t) that
satisfies the same estimates (6.54). Uniqueness of the strong solution finishes the proof.
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Strong solutions in three dimensions: short times

Next, we show that strong solutions of the Navier-Stokes exist for a sufficiently short time
even if the data is not small.

Theorem 6.6 Let ug € V and f € L*(0,T;H). There exists a constant Cy > 0 which
depends on v and ||ug||y, so that if

To
Tyt [ 7@t < o (6.7
0
then the Navier-Stokes equations
u+u-Vu+Vp=vAu+f, t>0, x¢cT (6.75)
V.-u=0,

u(0, ) = ug(x),

have a strong solution on the time interval [0, Ty that satisfies

lu@)If < G (6.76)
forall0 <t <Ty.
For the proof, we recall (6.70):
1d, v m C o C
=IO + DN < S+ S, (677)
which, in particular, implies that the function y(¢) = [[u™(¢)||? satisfies a differential in-
equality
y(t) < Cy(t)* + Cllf 1%, (6.78)

with the constant C' that depends on v. Dividing by (1 + y)® we get
i _CP

< C+C|fI? 6.79
Integrating in time leads to
1 Lt o [ o)l (650
- s S. )
(T+wyo)? (+y@)? ~ 0 "

Therefore, as long as the time ¢ is such that (6.80) holds, or, rather, as long as Tj satisfies

To 1 1
CT+O/ s)||Hds < < :
o€ Jy WOt < SRy = 2w

(6.81)
we have, for all 0 <t < Tj:
1 1 1
3 2 3 2 232"
(IT+y(®)? = 2(1+y0)* — 2(1+ [Juoll?)

(6.82)
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Therefore, as long as the time ¢ is sufficiently small, so that (6.80) holds, we have
lu™ @) < 201+ luol})- (6.83)

As usual, this uniform bound on the Galerkin approximations u("™(¢) implies that, passing
to the limit m — 400, we construct a strong solution of the Navier-Stokes equations for
times 0 <t < Tj,.

In general, for an arbitrary m > 1 O

Strong solutions are smooth if the data are smooth

We now show that if the initial condition uy and the forcing f are smooth, then the strong
solution of the Navier-Stokes equations (if it exists) is also infinitely differentiable. We consider
only the three-dimensional case but the analysis applies essentially verbatim to the two-
dimensional case as well.

Theorem 6.7 Let u(t,x) be the strong solution of the Navier-Stokes equations

wHu-Vu+Vp=vAu+f, 0<t<T, zeT? (6.84)
V-u=0,
u(0, ) = u(x),

in the sense that there exists C > 0 so that

T
sup [lu(t)]lv < C. / |Au(s)|3ds < C. (6.85)
0

0<t<T
Assume that ug € C*(T?) and f € C>(0,T;T?), then u € C(0,T;T?).

The strategy of the proof will be to estimate |A™u(t)||y for all m € N, and show that, as
long u satisfies the assumptions of Theorem 6.7, these norms remain finite for 0 < ¢ < T', and
all m € N. As m € N will be arbitrary, the Sobolev embedding theorem will imply that u is
infinitely differentiable in z, while the Navier-Stokes equations themselves will imply that w is
infinitely differentiable in time (using the projection on the divergence free fields, the reader
should convince himself that the pressure term is not a problem).

Multiplying (6.84) by (—A)™u and integrating over T? gives

(ug, (—A)"u) — (u - Vu, (=A)"u) = —v(=Au, (—A)"u) + (f, (—A)"u). (6.86)

Integrating by parts leads to

S [(=A)2ullf = ((—A)™ (u - V), (—A)2u) + v (—A) D23,
< (=A™ )| | (=)™ ) . (6.87)

The key inequality we will need for the nonlinear term is given by the following lemma.
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Lemma 6.8 For every m > 3/2 there exists a constant C' > 0 so that for any vector-valued
functions u, v such that ug =v9 =0, and V-u=V -v =0, and up = vp =0 for all k > M,
with some M > 0, we have

I(=2)"2P(u- Vo) < Cl[(=2)"2ul| g | (=A)" D 20| (6.88)
Here, P is the projection on divergence-free fields.

Postponing the proof of this lemma, we apply it in (6.87):

th”( APl + vl (=)D 2l F < [ (=A) 2 F Ll (=A)ullr - (6.89)
FON(=A)™2ul [l (= 2) ™D 2] .

Next, we use Young’s inequality in the right side together with the Poincare inequality in the
form

1(=A)"ullg < C|l(=A) "D Py . (6.90)
This leads to

mn( A Pulfy vl ()l < S Ay I+ Y a) Pl
m v m
+;H(—A) /QUH%JrZH(—A)( Py (6.91)
¢ m/2 £12 ¢ mj2, 14 , Y (m+1)/2, 112
< NA2 1 + TPl + D),
Therefore, we have
Al + D)l < a2+ Ayl (6.92)

Looking at this as the differential inequality for y(t) = ||(—A)™?ul|%,, we deduce that

C

g < (=221l + I (=2)2ullfy(t) < Cr + —[[(=A)"ulfy(), (6.93)

v

with a finite constant Cy as f € C°°(0,T;T?). Grownwall’s inequality implies now that y(t)
obeys an upper bound

o0 < v e[S [ I8 as] + ¢ [ [ [ Iy ] as

(6.94)
In other words, if we know that
T
/ (=AY 2u(s) |2, ds < +o0, (6.95)
0
then
sup ||(—A)m/2u(s)||?qu < +00. (6.96)

0<t<T
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This, in turn, implies that
T
| Iar s s < ¢, (6:97
0

which can be inserted into (6.92) to conclude that

T
/ (=)D 2y (s) ||} ds < +oo, (6.98)
0

allowing us to build an induction argument and continue forever, meaning that

sup ||(=A)"?u(s)||%ds < +oo, for any m € N. (6.99)

0<t<T

This will, in turn, imply that « € C*° by the Sobolev embedding theorem. However, this
argument uses the bound (6.88) which applies only for m > 3/2, and the “free” estimate for
the weak solution is

/0 Vu(s)||%ds :/0 ||(—A)1/2u(s)||§{ds < +00, (6.100)

which corresponds to m = 1, and for which we may not use this argument. Hence, to start
the induction we need the assumption that

T
/ 1 Au(s)|[Zds < +oo, (6.101)
0

which corresponds to taking m = 2 > 3/2, allowing us to proceed.

The proof of Lemma 6.8

Recall that
H(—A)m/QP(u -V)|lg = sup ((—A)m/z(u - Vo), w). (6.102)

weH,||lwl|p=1

Let us write

u-Vo(x) = Z(Zm)( Z (- uj)vl)e%ik"”, (6.103)

keZ3 jHl=k
so that

(—A)™2(u - Vo), w) = Z(Qm)(47r2|k]2)m/2< N uj)vl) cw_y (6.104)

kezZ3 jHi=k
= > @mi)(Ax k)" (1 ug) (v - wp).
Jj+l+k=0
Next, we will use the inequality
7+ 2™ < (5] + D)™ < Coall5]™ + [2]™), (6.105)

60



which implies

(=2)"2(u-Vo),w)| <C Y K™ Ulugllodlwd] < C Y (3™ + U™l [or] [

J+Hl+k=0 j+Hl+k=0

<C Y ol lwl + €Y L™ gl ol o] = A+ B. (6.106)
J+l+k=0 j+I+k=0

For the first term, we may estimate

A=C S 1 el = 3 Tl S0 el (6.107)

jH+E=0 JEZ3 lez?

1/2 1/2
<3 sl (Do ) (3 fwnl?) = =) 2wl gl
JEZ3 lez? lezZ? JEZ3

For the last sum above we may use the estimate

>l < (1Pl )’ (Z mgm) (1P ul) " = -yl

JEZ3 jJEZ3 JEZ3
(6.108)
We used in the last step the assumption that m > 3/2 (in a dimension n we would have
needed to assume that m > n/2). For the second term in (6.106) we write

B=C Y lil™Uullellws =Y Ul Y 1517wl fw-iil (6.109)

JH+I+k=0 lez3 JEZ3

< Ol (=2)"ulllwla Y |Uul,

1€z3

and

St < (1) (3 ) £ U s (6110

lez? 173
as m > 3/2. This shows that for any w € H we have
(=)™ (u- V), w)| < CI(=2)"2u | (= 2) "™ D20] g ||w]| (6.111)

and thus finishes the proof of Lemma 6.8. O

Local in time existence in higher Sobolev spaces

The arguments of the previous section imply also that the Navier-Stokes equations are locally
well-posed in the higher Sobolev spaces H™(T?3). We state it for simplicity for the case f = 0.

Theorem 6.9 Let ug € H™, with m > 2, and f = 0. There exists a constant C,, > 0 which
depends on v, m > 1 and ||ug||gm, so that if

T, <C,, (6.112)
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then the Navier-Stokes equations

w+u-Vu+Vp=vAu, t>0, zeT? (6.113)
V- -u=0,
u(0, ) = u(),

have a strong solution on the time interval [0,T,,] that satisfies
lu@)lzm < G5, (6.114)
forall0 <t <T,.

The proof is familiar: we start with (6.115) with f = 0:

v C
—— (=A™ 2ully + S [(—A) 2y} < ;H(—A)m/%%- (6.115)

2

Looking at this as the differential inequality for y(¢) = ||(—A)™?u||%, we deduce that

j < ng(t)- (6.116)

As a consequence, y(t) remains finite for a time that depends only on y(0). O

Infinite time blow-up implies a finite time blow-up

The problem of blow-up of solutions of a nonlinear partial differential equation usually consists
in two separate problems: (1) can solutions blow-up in a finite time, and (2) can they blow-up
in an infinite time, in the sense that the norm of the solutions tends to infinity as t — +o00?
The second notion is usually much weaker. For example, solutions of the heat equation with
a linear growth term

u=Au+u, t>0z¢eR" (6.117)
have the long time behavior
u(t, ) ~ Me—lx\Z/(‘lt) (6.118)
’ (4mt)n/? ’

and thus “blow-up in an infinite time” — all its LP-norms, p > 1 tend to infinity as t — +oc.
However, one does not normally think of these solutions as really “blowing-up” — they just
grow in time.

The situation is different for the Navier-Stokes equations: an infinite time blow-up implies
a finite-time blow-up. More precisely, let us assume that there exists a strong solution u(t, x)
of the Navier-Stokes equations

w+u-Vu+Vp=vAu, 0<t<T, zeT> (6.119)
V-u=0,
u(0, ) = u(),
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such that vy € H, and
lim ||u(t)||y = +oo. (6.120)

t——+o0

Assuming that such u exists, and given any 7" > 0, we will now construct an initial con-
dition vy € V so that the solution of (6.119) with v(0,2) = we(z), blows up before the
time T' > 0. That is, there will be a time T} € (0, T] such that

lim [|v(t)||v = +oo. (6.121)
t—T

The idea is to combine the blow-up assumption that there exists a sequence of times t; — +o00
such that .
Ju(t) v = 2, (6.122)

with the main result of Proposition 6.2: solutions of the Navier-Stokes are often not large.
Given a sequence t; as in (6.122), we may use the aforementioned Proposition to find a
time s; € [t; — T t;] so that

[u(s;)llv < C<1 + %) =" (6.123)

The constant C' depends only on |lug|/z, and v > 0. Thus, if we take u(s;) as the initial
condition for the Navier-Stokes equations, then the corresponding solution of the Cauchy
problem will have reached the V-norm that is larger than 2/ by the time 7. As ||u(s;)||v is
uniformly bounded in j, we may choose a subsequence j, — +00 so that u(s;,) converges
weakly in V' and strongly in H to a function vg € V. Consider now the Cauchy problem with
the initial condition vg:

v +v-Vo+Vp=vAv, 0<t<T, z€&T? (6.124)
V-v=0,
v(0,z) = vo(z).

This problem has a strong solution on some time interval [0, Tp], which depends only on ||vyl|v

and v. We will now show that (6.124) may not have a strong solution on the time inter-
val [0, 7. To this end, assume that such solution exists on [0, 7], denote

r=sup Ju(®)llv, (6.125)

0<t<T
and consider the functions vy (t) = u(t + s;, ), which are solutions of

0
% +Uk . V'Uk;‘{’VPk = VAUk‘a 0<t S T7 M ']1‘37 (6126)
V-vk = 0,

(0, ) = vo(z).
Writing w; = v; — v, and expanding

v;- Vv, —v-Vo=(v+w;) - V+w;) —v-Vov=w; - Vvo+v-Vw; +w, - Vw;, (6.127)
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we see that w; satisfies (as in the proof of the uniqueness of the solutions of the Navier-Stokes
equations):
ow;
a—t]—l—wj~Vv—|—v'ij—|—wj~ij+Vp’: vAw;, 0<t<T, z€T? (6.128)
V- w; = O,
w;(0,z) = v;(z) — vo(x),
with p’ = p; — p. Multiplying by w; and integrating leads to
1d
2dt
We estimate the right side as

;|7 + viw;ll = —(w; - Vo, w;). (6.129)

|(wj - Vo, w;)| < flwjll sVl 2wyl e < Cllwg |l garellvllv llws]] (6.130)

1/2 1/2 1/2 3/2 v C
< Ol l37” s 12 o llv sl = Cllolly ezl g [ < 5 llw 13 + Sl w1

We used Young’s inequality in the last step, with p = 4/3, ¢ = 4. Using this in (6.129) gives

1d v C
5l + Syl < ol s (6.131)

As v is a strong solution, there exists C' > 0, which depends on v and r in (6.125), so that
lw; Ol < lw; (0)]] e, (6.132)

meaning that w;(t) — 0 strongly in H, for all 0 < ¢ <T'. Furthermore, as
y T

T
5 [ Tl < sl + € [yl (6.13)

and since ||w;(t)||z — 0, pointwise in ¢, while ||w;(t)||z < C, we conclude that
T
/ l|w; (t)|[Fdt — 0 as j — oo. (6.134)
0

In particular, possibly after extracting another subsequence, we know that ||w;(t)|lv — 0 for
a.e. t € [0,T]. Take any t € [0, 7] such that ||w;||y <1, then

[o;(Ollv < [lw;(Ollv + [lo@)]ly <147 (6.135)

The local in time existence theorem implies that there exists a time 77, which depends only
on v, so that
[vj(s)[lv < 10(1 +7), (6.136)

for all s € [t,t 4+ T1]. The density of times ¢ so that (6.135) holds, means that (6.136) holds
for all 0 < ¢ <T'. This, however, contradicts the assumption that

1
|v(s; —t)llv = llu(s;)]lv > R

Thus, v(s,z) can not be a strong solution on the time interval [0, 7.
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The Beale-Kato-Majda regularity criterion

We now describe a sufficient condition for the solution to remain smooth. This time, we will
work in the whole space R? but the existence and regularity results we have proved for the
three-dimensional torus apply essentially verbatim to the whole space as well. As we have
seen in Theorem 6.9, if the H™-norms of a smooth solution w(t,z) remain finite on a time
interval [0, 7], then the solution may be extended past the time 7T'. In other words, a time T’
is the maximal time of existence of a smooth solution w(t,z) if and only if

ltlgrl |w(t) || gm = +o0. (6.137)

The Beale-Kato-Majda criterion reformulates this condition in terms of the vorticity.

Theorem 6.10 Let ug € C(R?), so that there exists a classical solution v to the Navier-
Stokes equations. If for any T > 0 we have

T
/ lw(®) || Leedt < +o00, (6.138)
0

then the smooth solution u exists globally in time. If the mazimal existence time of the smooth
solution is T' < +o00, then necessarily we have
T
li t) || peedt = : 6.139
| lw(®)|z +09 (6.139)

The starting point in the proof is the estimate for the evolution of the H™-norms. Let us
recall the identity (6.87) with f = 0:
S =2 2ullf + vl (=2) D2 = (=A)™2(u - V), (=A)™?u).  (6.140)
Note that
((u- V(=A)"2u), (=A)"2u) =0,
hence the right side in (6.140) can be estimated by

3 m
CollD™ully S S 1D g DI P, (6.141)
1,7=1 k=1

with 1/p+ 1/q = 1/2, and with the notation D = (—A)'2. We recall a Gagliardo-Nirenberg
inequality for R%:

1D fllze < CID™ FlIILf Il (6.142)
with 0 < 7 <m, and
1 g N (1 m)
_ = al— — —
p d 2 d”

and a = j/m. We will use it for f = Du and 1 < k < m:

ID*"' Dl < | D™ Dul|: || Dull 5, (6.143)
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that is, the terms in (6.141) with 1 < k < m can be estimated as

1D ullze < el D™ g || Dullo5,

with
kE—1
a=—-—,
m—1
so that

1_k—1+k—1(1 m—1 k—1 a
p d m—1'2 d ~ ‘

The paired terms || D™ "*uy||, can be estimated similarly:

ID™ ¥l o = D™ D10 < | D™ ullf2 ]| Dull
with k
m —
b= ——
m—1’
and

1 m—-%k m-%k1 m-1 m—k b
e T
q d m—1"2 d 2(m—1) 2

Luckily, we have a +b =1, and

1 1

. a+b 1
p ¢ 2 2
so that these p and ¢ can be taken in (6.141). It follows that

1D ;| 1o | DT M| o < C| D™ | 2| D] .
When k£ =m or k =1, we simply use p = 1/2 and ¢ = oo, getting the estimate
D™ ul| 2| Dl o

for those terms. Altogether we conclude that

1d, .. m
S ZID™ul < D™l | Fulls-.

Summing over m, we conclude that for any s € N we have

e < Cg[[ V| oo [ul

HS.

L
dt

(6.144)

(6.145)

(6.146)

(6.147)

Therefore, if uy € C2°(R?), then for any of the H*-norms to become infinite by a time 7' it is

necessary that
T
| Ivu(olmde =+
0

and, in general, we have

[l s < [luol

¢
Hs €xp {Cs / ||Vu(7')||Lood7'}.
0
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In a similar vein, multiplying the vorticity equation
wetu-Vw =vAw+w - Vu (6.150)

by w and integrating, we see that

d
S @@z < [ Vullzflo] 2, (6.151)
so that
t
lw(®) 122 < llwoll 2 eXp{/ [V u(s) o} (6.152)
0

The conclusion of Theorem 6.10 would follow from (6.148) if we would know that
“Vul| e < Clwl|ge. (6.153)

One may expect this to be true based on its validity for L*-norms: recall (3.26)

/|Vu|2dx:/ |w|?dz, (6.154)
R3 R3

because

|w]? = €ijrCimn (05ur) (Omtn) = (6jmOkn — n0km ) (0jun) (Omtin) = |Vul® — (Dur) (Fruy),
(6.155)

and

/n(ajuk)(akuj)dx =— /n uy (0k0;u;)dx = 0. (6.156)

Identity (6.153), however, is not quite true for the L*-norms — the relation between the
gradient of the velocity and the vorticity is in terms of a singular integral operator which
maps every LP — LP for 1 < p < +o0 but does not map L> to L*. However, it is “almost
true” as shown by the following lemma.

Lemma 6.11 Let u(x) be a smooth divergence free velocity field in L*NL>, and let w = V xv.
There exists a constant C' > 0 so that

IVullp~ < C(1+log™ ||ull = +log™ [|w]l2)(1 + [|wl[z=). (6.157)

Here, for z > 0, we set log" z = log z if logz > 0, and log" z = 0 otherwise. The L?-norm
of w(t) that appears in (6.157) can be estimated from (6.152) as

¢
log* lw(®)]lz2 < log" [Jwo]l +/ |Vu(s)l|eds. (6.158)
0
Similarly, the H?-norm of u(t) can be bounded as in (6.149):

t
log™® ||u(t)||gs < log™ ||wollzz + C/ |Vu(s)||L=ds. (6.159)
0
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Assuming the result of Lemma 6.11, we deduce that ||Vu||s satisfies the inequality

[Vu(t)l= < Co(1 /WMHW®GHMNW (6.160)

with a constant Cy that depends on the initial data ug. Setting

3£wmmm&@mﬁ+wwm,

we have from (6.160):

aG

o S Co(1+ G(t))B(1),

so that
(Z(G()exp Co/ B(s ds )<005()exp Co/ﬁ ds

Integrating in time gives
G(t) exp / B(s ds <1- exp / B(s ds (6.161)

so that .
G(t) < exp {Co [ Bls)as)}

In other words, we have

/Ot [Va(s)| zeods < exp {Cgt +C /Ot Hw(s)HLoods)}. (6.162)

As a consequence, as long as

¢
/ |lw(s)||eds < 400, (6.163)
0

all H™-norms of the velocity remain finite, hence u(t) € C°°(R?). Therefore, the proof of
Theorem 6.10 boils down to Lemma 6.11.
The proof of the estimate on ||Vul|r~

We now prove Lemma 6.11 using the ideas from the theory of singular integral operators.
The velocity field is related to vorticity by the Biot-Savart law:

u(r) = — g K(z —y)w(y)dy = g K(y)w(z + y)dy, (6.164)
with '
K(x) 47r\x]3x X h, (6.165)
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for any h € R3. As the singularity in VK (z) is of the order 1/|z|*> which is not integrable in
three dimensions, we have to be careful about computing the gradient of u. Let us write

u(r + 2) —u(zr) = g K(y)lw(z+2z+y) —w(+y)dy. (6.166)

As K € L}, .(R3), if, say, w € C°(R?), then, passing to the limit z — 0, we get

loc

Qur(x) _ Ko ()00 (z + ) dy. (6.167)
8% R3

Because of the singularity in K we can not immediately integrate by parts. Let us write this
integral as

Oug(z) i
= lim Ko (y)Ojwm (z + y)dy =
b =i | Kun)dpen(r )
= —lim K (y)wim (z + y)&dy — lim 10; Kt (y)Jwm (@ + y)dy = Agj + By,
e—0 |y|:8 | | e—0 |y|2€
The first integral can be re-written as
Apj = —lim K (y)wm (x + y) L dy = — lim - L3[9 x w(@ + e Ldy
e=0 J|y|=¢ Y] =047 J 11— [yl Y|
g = [ e xale b eh e = - [ xwle)hd
= —lim — ——lez X w(xr + e2)|p—=e°de = —— 2z X w(x)|pzdz
e—0 471 z|=1 €3|Z‘3 k|Z| 4 |z|=1 k%
et [ (@) = S (26 = = getsnn@) (6169
= ——€kmn Zmwn (1) 2;dz = ——wp () 0m; = —=€rjnwn (). )
Il 7 3 R
Thus, we have
1
Aug| < gl
and the main focus is on the second term. We have
€krm
Kim(y) = 27y,
so that 3
€krm €kjm
0 Kpm(y) = ——— )y + —2
el = = ey Y Ty

We conclude that for any h € R? we have

. 36k7‘m €kim
B =1 [ B I e m h.d
( )k 51—13(% >z 4ﬂ_|y’5yﬂ/ + 47T|y|3 w (x + y) dy
i By- My xw@+yl | 1
:hm/ < + wx_|_y Xh )dy
=20 jylze dmlyl® 47T|y|3[ ( ) % hli
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We shall split B further as follows: take a smooth cut-off function p(r) so that p(r) = 0
for r > 2R, and p(r) = 1 for r < R, with R to be chosen later, and write

o=t [ (3<y : h)[ﬁ;;x + )l T+ ) k) pllyl)dy
vl [ (PRI | el =) < M) (0= sy = i+ D

The Cauchy-Schwartz inequality implies that

[e.9]

C

< WHWHL?W (6.169)

1 1/2
Dy < C|h|||w||L2</ —ridr)

Ro

The key estimate is for Cj: we will show that for any § > 0 and any Holder regularity
exponent v € (0,1) we have

R
Cy] < c{muwum + ||w]| pemax(1, log 3) }|h|. (6.170)
Here, ||w||¢v is the Holder norm. The Sobolev inequality in dimension n

[ Fllew@ny < Clf]

n

H5+7(Rn), S > E

implies that in three dimensions we have, for all 0 < v < 1/2:
lwllor < Cllwln2,

so that

R R
Cy] < C’{(WHwHHz—|—||w||LoomaX(1,log 3)} < c{m||u|yH3+|yw||meax(1,1og 5)} (6.171)

Altogether, we have

C R
IVull = < C(lwllim + gllwlles + {8 ullus + |wliemax(llog £) }).  (6172)
Thus, we set R = ||cu||i/23 As far 0 is concerned, if ||u||gs < 1, we can take § = 1, while
if [Jul|gs > 1, we can take 6 = [Jul| ;3. In both cases, we have
Vo]l < C(1+1log™ [[v]lma +log™ wllz2)(1 + [|w]l L), (6.173)

which is the claim of Lemma 6.11. It remains, therefore, only to prove the estimate (6.170).

A nearly L*° — L estimate for singular integral operators

We now prove estimate (6.170) for Cy, which we write as

3(y-h)ly x w(x +y)k 1
4rlyl® 4rly|3

(' = lim (

e—0 \y|2€

wiw+y) x hli ) pllyl)dy
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= lim [ (300 Ml xete e+ fole+) < B oW j

= —hm <3 Ym mEk]ry]wr(l'+y)+5krmwr($+y) ) (|y|)’ |3
dy

_Ell—{% ( m€k]ryj+5krm>wr(x+y) (M)W

= " lim Proer (y)wr (x + y)p([yl)dy. (6.174)

We have denoted here

Lo, N
Projer = W(Symgkjryj + Ekrm)- (6.175)
The kernel Q(y) = P (y) (we fix for the moment the indices m, k and r) is homogenous of
degree (—3):
1
Q\y) = = (y), forall A >0 andy € R3 y#0. (6.176)

Thus, Q(y) is “barely not in L'”: if it were slightly less singular it would have been in L.
In addition, the average of Q(y) over the unit sphere (and thus over any sphere centered
at y = 0) vanishes:

Q(y)dy = / (nggkjrgj + 5krm>dy - 471—[5kj7"5mj + 5krm] - 477[5ka - gkrm] =0.
lyl=1 lyl=1

(6.177)
Consider now the term (again, with an index r fixed)
Qu(z) = lim ’ Qy)wr(z + y)p(lyl)dy. (6.178)
c yl>e
We split the integration in the definition of Qw as follows:
Qu(z) = lim Q(y)wr(z +y)p(lyl)dy + Qy)wr(z +y)p(lyl)dy = A+ B. (6.179)
=0 Je<lyl<o ly[>6
The second term above is (recall that p(|y|) = 0 for |y| > 2R):
B= [ Qe+ vy, (6.150)
5<|y|<2R
which can be estimated as
2R .n—1 2R
B| < cuwnm/ D i < O]l log 2 (6.181)
5

The first term in (6.179) is estimated using the Holder continuity of w: the mean-zero prop-
erty (6.177) means that we can write

A = lim Q(y)wr(x+y)p(ly[)dy = lim Q)[wr(z+y) —w(2)]p(|y[)dy. (6.182)

e—0 e<|y|<s e=0 e<|y|<é
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The Holder continuity of w implies that the integrand in the last expression above has an
upper bound

C C

QW) wr(z — y) — wr(@)]p(ly])] < » |nlylwll wler = Wllwllcm (6.183)

which is integrable in y at y = 0 for v > 0. Therefore, we have
a-f oz — ) — w(@)o(ly)dy, (6184

<|y|<5
and
0 ypn—1

|A] < CHme/ 7aly < Clw||evd7. (6.185)

Putting the bounds for A and B together gives (6.170).

7 Vortex lines and geometric conditions for blow-up

The vorticity growth equation

Here, we investigate how vorticity alignment in the regions of high vorticity can prevent blow-
up in the Navier-Stokes and Euler equations. First, we obtain an equation for the magnitude
of vorticity |w| that shows that it is plausible that the vorticity alignment in the regions of
high vorticity may prevent the growth of vorticity. Recall that the vorticity of the solutions
of the Navier-Stokes equations satisfies the evolution equation

wi+u-Vw—vAw =w- Vu (7.1)
Multiplying by 2w, we obtain
Oi(|w?) +u - V(Jw]?) — vAJw|* 4+ 2v|Vw]* = 2(w - Vu) - w. (7.2)
The right side can be written as
2(w - V) - w = 2w;(Qjur)wr, = 2(Sw - w) = 2a(z)|wl|?,

with

a(z) = (S(x)€(x) - £(x)), &(x) = @) (7.3)

and
S(z) = %(Vu + (V). (7.4)

When v = 0 we get a particularly simple form of the vortex stretching balance for the Euler
equations:

Olw| +u - V|w| = a(t,z)|w]|. (7.5)
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Thus, the vorticity growth may only appear from a(z) large. Our next task is to express a(x)
in terms of the vorticity alignment. We start with the Biot-Savart law

1
u(z) = — ﬁ X w(z + y)dy. (7.6)
Let us recall that
— = K, (1) 050, d 7.7
ox, im ) K () djwm(z +y)dy (7.7)
= —lim Kon () (2 + ) 2-dy — 1im [0 K (y)|wm (2 + y)dy = Ag; + By
=0 Jyy)=e [yl ™ =0 5.
The term Aj; can be simplified as
A = — lim Kim (y)w (a:+y)yjdy—— ! 1 —=y x w(z +y)k ydy
’ e=0 Jiy|=e Y| =50 At yl=e [UI? Y|
lim Lol xw@t et = - [ [z xw(@)ed
= —lim — — Jerxw(z 4+ ey Le2dy = —— z X w(z)|pz:dz
e—0 47 |z]=1 53|Z|3 |Z| 4 lz|=1 w5
1 . 1
= —Eekmn /|z|1 Zmwn (T)2;dz = _€k3 Wi (2)6m; = _§€kjnwn(x)v (7.8)
and B can be written as
. 3€krm €kjim
By = lim [ Yily — — ]wmx—l—ydy
9= ), o a9 ™ Ty )eom e+ Y)

Multiplying (7.7) by €;;% and summing over j, k, leads now to an integral equation for the
vorticity:

wl(x) = el-jkﬁjuk = eijkAkj + GijkBkj = —geijkekjnwn (79)
. 3€krm €kmj

+lim €ijk [—y-yT + = (wm(z + y)dy.
=0 J1y15e T Larly|p™? 4r|y|3

The first term above can be re-written as

—€ijk€hkjnWn = €ijk€njkWn = 2W;.
In the second term, we use the identities

2
€ijk€krmYjYrWm = €kij€krm¥Y;YrWm = [(Sir(;jm - 5im5jr]yjyrwm = yz(y : w) - |y| Wi,

and

€ijk€hkmiWm = €kij€kmiWm = 2w;

Using these transformations in (7.9), gives

2w;(x +y>],d

1 . 3 2
3l = /| [y e ) = Pt )]+ =
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so that

w(z) = tim [ o+ y>|cyl—|y3 (7.10)

47T e—0 |y‘28

with the matrix o(y), ¥ = y/|y|, defined as

o(§) =3@®y) —1. (7.11)
Similarly, we may compute the symmetric part of Vu:

S(z) = %(w + (V).
We have

Skj = %(Akj + A + %(Bkj + Bji).
It is easy to see that the matrix Ay; is anti-symmetric, thus
A+ Aj, = 0.

For the symmetric part of the matrix B we compute

3€krm 3€ irm €kim €ikm
Byj + Bji, = lim [—y-ywj—ykyr— = — ]wmxﬂ/ dy
T a0 J s Wnly P Awlyl dmlyl®  drlyl3 ( )
3 dy
= — lim [ekrmg’yr +e€ 'rmi&kyr} Wi (T +Y) T3
47T e—0 |y‘25 J J ( )|y|3
We conclude that p
:—PV/M x+y)’3‘/3, (7.12)
with the matrix-valued function
. 1., A .
M w) = 5lGxw) @y +5@ ([ xw)]. (7.13)

Going back to (7.3), we get the following expression for the vorticity stretching coefficient a(z):

(@) = (S(@)é(a) - €@) = 1PV [ (M(Gwa+ )6 -€@)E (714

The integrand can be re-written as

M (g, w(z +y))(x) - £(x)) = %[( w(@z+y) @+ (G xw+y))E)- ()
= (U xw(x+y)- &) (G- &(x) = DG, &(x +y),§(2))lw(z +y)|,

thus

@) = (S(@)é(a) - €(@) = 1PV [ DGl +u) €le + )l S (719
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Here, we have defined, for three unite vectors e, eo and es:
D(ey, ez, e3) = (€1 - e3)Det(eq, e, e3).

Geometrically, it follows that the regions where {(z + y) is aligned with £(z) contribute less
to a(x). This applies also to the antiparallel vortex pairing, which is a physically observed
phenomenon. That is, we expect that if the vorticity direction field is aligned or anti-aligned
in the regions of high vorticity, the blow-up might be prevented by the vorticity alignment,
though this requires a careful analysis which we will undertake next.

A priori bounds on the strain matrix

Let us first obtain some bounds on the strain matrix in terms of w that we will need later.
We have

3 dy 3
Skj = —P.V. |: TmA‘AT ’TmA Ari| m T2 — _PV/R im m d ,
ki () - / Ekrm¥Ur + EjrmUklr | W (w+y)|y|3 o kjm (Y)W (flf+y()7?i6)

with the kernel .
Rk]m(y) = W[Ekrmﬁjgr + Ejrmgk:gr]-

This kernel is of the singular integral type we have seen before in the Beale-Kato-Majda
criterion: it is homogeneous of degree (—n) (the dimension n = 3), in the sense that

Riijim(Ay) = A7 R (1), (7.17)

and its integral over any sphere centered at y = 0 vanishes:

1
g[ek]’m + ijm] =0. (718)

1
/ Rkjm(y)dy = _[Ekrm(sjr + Ejrm(skr] =
jyl=1 3
Let us show that (7.17) and (7.18) imply that the Fourier transform Ry, () is uniformly
bounded: R
| Rijm (§)| < C. (7.19)

Indeed, let us write

L

—52(9), / ®(y)dy = 0.

Y] ly|=1

As Ryjm(y) is homogeneous of degree (—n) (in dimension n = 3), its Fourier transform is

homogeneous of degree zero. Then we have:

Rijm(y) =

e—0

A 1/5
Rijm(€) = lim / T END () r2drdy = hm/ / cos(2mr(€-y)) — 1| D(y )drdy
S2 r3 S2

1/5 drdi 1/6 drdii
+ lim / cos(2mr(€ - 9))®(y ) " 1 lim / sin(27r (& - 7)) @(9) =
0—0 S2 £,0—0 S2 r
= A, +A2+A3. (7.20)
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We used the mean-zero property of ®(7) in the second equality above. For A3, we may write

1/8 7 2m|¢-91/8
29 = i [ a@) [ st )T = i [ e[ T )
S2 €

£,0—0 r €,60=0 Jg2 27|€-gle r

Recall that there exists a constant Cy > 0 so that for any a,b > 0 we have

b .
sin rdr
‘/ ‘ S COv
“ T

hence |A3(§)| < C. For A; + Ay, we have

4@+ 40 = iy [ @) ] [ leostamrte )~ 1%y

e—0 r

2mie-gl/e dr ! dr  cosrdr
—tin [ @) [ feostr) - 1 Jdi = [ @) [ (eosr =T+ [T g
iy [ w00 [ oot 0= [ o] [ (eosr - [

X mledl/e gpq X ! dr cosrdr
—llir(l) (P(y)[/l ]d /SQ®(y)[/O(COST—1)7+/1 . ]dy

—hm/ y)log(2m|€ - g|/e)dy

- [ o / (cosr =)+ [T a— [ @) log((€- i (7.21)

We used the mean-zero property of ®(7) in the last step. In particular, it allowed us to
replace £ by f under the logarithm sign. Now, the first integral in the last line in (7.21)
does not depend on £ and is, therefore, uniformly bounded. The second is also bounded,
by an application of the Cauchy-Schwartz inequality on S2. We conclude that the uniform
bound (7.19) holds. It follows immediately that the strain matrix satisfies an L?-bound

1512 < Cllw]lz2, (7.22)

a bound we have already seen before.

The regularized system

We will follow the paper by P. Constatin and C Fefferman for the analysis of the vorticity
alignment for the Navier-Stokes equations. A similar issue for the Euler equations has been
studied in their joint paper with A. Majda. We will start with a regularized Navier-Stokes
system, obtained by smoothing the advecting velocity:

u + (ps*xu)-Vu+Vp=vAu, t>0, ze€R" (7.23)
V.-u=0,
u(0,z) = up(x).

The convolution is performed in space only:
ult,a) = s xult,) = [ és(o = pult.)dy
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and the kernel ¢s has the form
1 /x
o) = 559(5)

with a smooth compactly supported function ¢(x) > 0 with ||¢||,: = 1. Note that us is also
divergence-free: V - us = 0. Let us explain why the regularized system (7.23) has a strong
solution, which is smooth if uy € C2°(R3?). Of course, the easy bounds on u(t, z) will blow-up
as 0 — 0. We argue as in the estimate for the evolution of the H™-norms in the proof of
the Beale-Kato-Majda criterion. First, multiplying (7.23) by u and integrating by parts we
deduce that

t
lu(t, z)|2dx + V/ /\Vu(s,:v)|2dmds = luo () |*dz, (7.24)
R3 0

RS
hence
Ju(®)[|rz < fluollL2- (7.25)

As a consequence of this estimate, we know that
lus(®)llex < Cu(6), (7.26)

with the constants Ci(d) that may blow-up as 6 — 0. Multiplying (7.23) by (—A)™u and
integrating by parts we obtain

5 =)™ 2l ) (=AYl = (A s T, (~A) ). (721)
As before, the leading order term in the right side vanishes:

((us - V(=2)"u), (=A)"2u) = 0,
because V - us = 0. Hence, the right side in (7.27) can be estimated by

3 m
Conl| D™ ulls Y > (1D us s o< | D P 12 < C() [l (7.28)

ij=1 k=1

Summing over m, we conclude that for any s € N we have

ns < Cllu]

d

— S. ¢2
L y (720
Therefore, if uy € C°(R?), then wu(t) remains in all H™(R?) for all ¢ > 0. Of course, the
Sobolev norms of u(t) may blow-up as § — 0.

Vorticity alignment prevents blow-up

We will now show that if the direction of the vorticity of the solutions of the regularized
system (7.23) is sufficiently aligned then solutions of the Navier-Stokes system itself remain
regular. Let us introduce some notation: given a vector e we denote by P the projection

orthogonal to e,
Prov=v—(v-ee.
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We will denote by wu(t, x) the solution of the regularized system (7.23), let w(t,x) = V xu(t, x)
be its vorticity and &(¢,x) = w(t,x)/|w(t, z)|, while v(t,z) will be the solution of the true
Navier-Stokes equations

v+v-Vo+Vp=vAv, t>0, ze€R" (7.30)
V-v=0,
v(0, ) = up(z).

Theorem 7.1 Assume that there exists dy, @ > 0 and p > 0 so that for all 6 € (0,0¢) the
solution u(t,z) of the reqularized system (7.23) satisfies

[yl
forallz,y € R® and 0 <t < T, such that |w(t,z)| > Q and |w(t,x+y) > Q. Then the Navier-
Stokes equations (7.30) have a strong, and hence C*-solution on the time interval 0 <t < T.

The strategy will be to get a priori bounds on u(¢,z) that do not depend on § and then pass
to the limit 6 — 0. The passage ot the limit is very similar to what we have seen before, so
we focus on the a priori bounds that follow from assumption (7.30).

The a priori bounds for the regularized system

We first get a priori bounds for the regularized system that require no assumptions on the
direction of the vorticity and, in particular, are independent of (7.31). Let us set wg = V X g
and

25
Q= / |wo () |dx + —/ |ug () |*dz.
R3 VvV Jrs
We have then the following bounds, uniform in § > 0.

Lemma 7.2 The following two bounds hold:

t
Wit 2)|dz + V/ / w(s, 2)|VE(s, ) 2dads < O, (7.32)
R3 0 J{z:|w(s,x)|>0}
for all0 <t <T, and for any 2 > 0 we have
’ Q
/ / |VE(s, z)Pdrds < —=. (7.33)
0 {z:|w(s,x)|>Q} 129’

Proof. Let us derive the equation for w(¢, z): this derivation follows that for the true Navier-
Stokes equations but the vorticity equation in presence of the regularization is not identical
to that of the Navier-Stokes equations. The advection term in the regularized Navier-Stokes
equations can be written as

us-Vu=u-Vu+ (us —u) - Vu=u-Vu —vs - Vu, (7.34)

with
Vs = U — Ug.
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Recall that

(w X u); = €ijpwWitk = €ijkE jmn (OmUn )k = (8inOkm — OimOkn) (Omiy ) Uk

= (Opui)ur, — (Oyup)uy. (7.35)
We used above the identity
EjikEjmn = 5zm5kn - 5zn5km (736)
and anti-symmetry of €;;,. Thus, as we have previously seen, the advection term can be
written as
Juf®
u-Vu=w><u+V<T>. (7.37)
Recall also the formula
Vx(axb)=—-a-Vb+b-Va+a(V-b)—bV-a), (7.38)
which now gives
VX (u-Vu)=V x (wxu)=-w-Vu+u-Vw. (7.39)
We also had an observation that
u;
w-Vu=V(tz)w, V= Ly (7.40)
(%:j
The matrix V' can be split into its symmetric and anti-symmetric parts:
1 1
V=S+P S:§(V+VT), P:§(V—VT), (7.41)
The anti-symmetric part has the form
1 1 1
Plhj = 5[(9]1/4 - &uj]h] = §8muk [(Zké]m — 6zm5]k]h] = éelijalkm(amuk)hj
1 1 1
= —§alijslmk(8muk)hj = —§€lijwlh]‘ = §5iljwlhj = 5[&] X h]l, (742)
for any h € R3. In other words, P satisfies
1
Ph = v X h, (7.43)
and thus has an explicit form
1 0 —Ws3 ()
P=- Ws 0 —W1 . (744)
2
—W9 w1 0
As a consequence, we have Pw = 0, thus Vw = Sw, so that
V x(u-Vu)=u-Vw— Sw. (7.45)
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This is, of course, identical to what we have obtained for the true Navier-Stokes equations.
For the term in (7.34), which involves vs; and comes from the regularization, we write

[V x (vs - Vu)|; = €60 [Vs mOmur] = V5mOmeiju0jur] + ik (0jVs.m) (Omur) (7.46)
=5 Vw; + €ijk<ajvé,m)(amuk)

Thus, we have
V X (us-Vu) = u-Vw—Sw—vs- Vw+ (Vu) © (Vus) = us - Vw — Sw~+ (Vu) © (Vug). (7.47)

Here, we have introduced the following notation: given two matrices a and b, the vector a ©® b
has the entries
(CL O] b)Z = sijkakmbmj. (748)

Thus, the vorticity satisfies the evolution equation
we + us - Vw — vAw = Sw — (Vu) © (Vuy). (7.49)

Once again, we stress that the second term in the right side comes from the regularization.
Multiplying this equation by £(,2) = w(t, z)/|w(t.z)|, and using the relation [£|* = 1, we get
in the left side

Wl +u - Viw| = Alw] = |w[(€ - AL).

As we have
£k =0,
leading to
(Ok€5)(Ok€;) + §AE =0,

we deduce an evolution equation for |w(t, z)| in the region where w(t, z) # 0:

% + s - V]w| — vAJw| + v|w||VE? = € - (Sw — (Vu) @ (Voy)). (7.50)

Let now f(z) be a C%-function of a scalar variable z which vanishes in a neighborhood of z = 0.
Multiplying (7.50) by f’(|w|) and integrating gives

o L P\ (S Ry NIRRT
— /]RS (€ (Sw— (Vu) ® (Vos))f' (Jw])da.

Choose a function ¥ (y) > 0 such that 1(y) vanishes for |y| < ry and y > Qp, and such

that
Qo

i U(y)dy =1, (7.52)

and set

f@wzliz—w¢@u% (7.53)



so that
/ (y)dy, ["(z) =1(z) > 0. (7.54)

In particular, we have 0 < f’(z) <1, f’(z) = 0 in a neighborhood of z = 0, and
z2f'(z) = z, for z > Q. (7.55)

Thus, integrating (7.51) in time gives

w(t,x)|)dxr + v w(s, z)||VE(s, z)|Pdx < wo(x)])dx
[ttty [f Ve aPr s [ )
n / / 6+ (S = (Vu) © (Ves)If (s (7.56)

w (x)]da:—l—/t/ (51565, ) + 3ol 2)P + 2 [V + 5 [Ts?)
a0 o Jps N2 2\ 2 2! L)

As V -u =0, we have
/ |Vul*dz = / |w|?dx = 2/ TrS?dx.
R3 R3 R3

The energy identity (7.24) means that

flwttahds+v | w(s, 2)||VEGs, 2)Pdr < @, (7.57)
R3 0 J{zw(s,z)|>Q0}
with
Q- /R lwo(2)|da + 2—5’ /R o () 2. (7.58)

In particular, for any €2 > 0 we obtain

t
[ vesarar< 2 (759
0 J{zw(sz)|>0} 129;

We may also let Qy — 0 in (7.57), so that f(z) — z, and obtain the or estimate in Lemma 7.2

t
/ Wit 2)|dz + ,,/ / w(s, )||VE(s, 2)[2dz < O. (7.60)
R3 0 J{z:w(s,x)|>0}
This finishes the proof of this Lemma.

Enstrophy bounds when the vorticity direction is regular

Lemma 7.2 does not use assumption (7.31) on the vorticity direction. Now, we will use this
assumption to obtain enstrophy bounds on the solution of the regularized system. We will
show that the solution of the regularized system obeys the following a priori bounds. Here,
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we use assumption (7.31): there exists dyp, 2 > 0 and p > 0 so that for all 6 € (0,dy) the
solution u(t, x) of the regularized system (7.23) satisfies

P €tz +y)| < ’—Z‘ (7.61)

for all z,y € R® and 0 <t < T, such that |w(t,z)] > Q and |w(t,z +y) > Q.

Lemma 7.3 There exists a constant C' which depends on the initial data ug, and 2, v, T,
and the constant p in (7.61), so that

sup |lw(t, z)|*dz < C, (7.62)
0<t<T JR3
and
sup IVw(t,z)|*dr < C, (7.63)
0<t<T JR3

for all § € (0,0).

With these a priori bounds in hand, one can find a subsequence d; | 0, such that the so-
lutions u(t, z) of the regularized Navier-Stokes system converge to a solution v(¢,x) of the
true Navier-Stokes equations which obeys the same bounds (7.62) and (7.63). These bounds
imply that v is a strong solution and is therefore smooth if ug is smooth. Thus, our focus is
on proving Lemma 7.3.

Multiplying the vorticity equation

wt + us - Vw — vAw = Sw — (Vu) © (Vug) (7.64)

by w and integrating gives

th/lwl dl‘+V/|Vw\ dx—/(Sw W)dx—/w'((Vu)G)(Vw))dx. (7.65)

We will split the vorticity into the ”small” and ”large” components: take a cut-off function
X(z) > 0 such that 0 < x(z) < 1forallz >0, x(z) =1for 0 <z <1and x(z) =0 for z > 2.
We set

w(t,z) = wW(t,z) +w?(t,z), (7.66)

with

w(t,z) = X(M)W(t@; w?(t, x) = (1 — X(@))w(t,x). (7.67)

Recall that the strain matrix can be written in terms of vorticity as

d
:—PV /M wiz+y )ﬁ, (7.68)
with the matrix-valued function
. 1., PR .
Mg w) = 5l(gxw)@g+5@ ([ xw)]. (7.69)



The decomposition (7.66) induces then the corresponding decomposition

S(t,z) = SW(t,z) + SP(t,x). (7.70)
We can then write ,
(Sw-w)= > (SDW . w®) =X +V+2, (7.71)
i4,k=1

where X comes from the triplets where at least one of w is ”small”:

2

X= ¥ ($Du0) . w®),

(4,k)#(2,2)

the term Y has S "small”, and both w "large”:

Y = (SMw® . w®),
and, finally, Z has S and both w "large”:

Z = (SPu® . @),

We also set
W=—w-((Vu)® (Vuvs)).

With this notation, (7.65) has the form

2dt/|w|2dac+7//|Vw| dx_/(X+Y+Z+W)d (7.72)

We will estimate the size of each term in the right side of (7.72) separately.
In order to estimate X, we recall that for any incompressible flow v we have

/|VU|2da: = / I(Pdx, ¢ =V xw.
As a consequence, the strain matrix
1
S0 = 5(Vo+ (Vo))

satisfies

avz 81} 3 Ov; \ 2
1S,][72 = Z/ 8; " §42/<8x‘> dasz4/|Vv|2dx:4/|C|2dx. (7.73)
v ij=1 J

2,7=1

Then, the term X can be estimated as follows: either w') or w® is ”small” and can be
bounded pointwise by €2. This allows us to use the Cauchy-Schwartz inequality and (7.73):

‘/X(t,x)dx‘ < OS] 2wl 2 < CQYlw]2e. (7.74)
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We have used the bound (7.22)
15122 < Cllwl|z2- (7.75)

in the second inequality above.
Next, we note that Y is bounded from above by

Y (t,2)] < [SU(t, )||w(ta)’, (7.76)

so that
1/2
/ Y (t,z)|de < ||s<1>||L2( / |w(t.a;)\4dx) . (7.77)

The Gagliardo-Nirenberg inequality in R™:

.1
lullzr < ClIIVullg flull2", P

DN | —
Sle

implies that in R? we have

(/\w(x)|4dx>1/2 < C’(/|Vw(x)]2dx>3/4</|w(x)]2daz>1/4. (7.78)

Using this in (7.76) gives
3/2) q11/2 3/2) 111/2
[ It 0lde < SOl Dl Nl 2 < Clt |Vl
v 2 c (1))4 2
< gIVwllze + w7 llwlz.. (7.79)
We have used Young’s inequality in the last step, as well as the bound (7.75) for ||SU|| 2.

The second term in the right side can be bounded with the help of the estimate (7.32) in
Lemma 7.2 as

w2, < 29/ |w(t, z)|dz < 2QQ. (7.80)
Thus, the term Y can be estimated as
[ 1Yt 0)lds < 1Tl + 5 (O0QP I (781
Before looking at Z, which is the most difficult term, we bound W:
W= —w-((Vu) © (Vus)).

This term is only there because of the regularization and should disappear as § — 0. Note
that

losl22 = llu— w22 = [lu— b5 5 |2 = / 11— Gs()Pla()[2de = / 11— $(66)[2a(€)|2de

< 052/|§|2|a(5)|2d§ = Co*||Vul|L. = CO°||w]Z- (7.82)
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The integral of W is

Oug OVs.m
/W(t,x)dx = —/wiaijk(Vu)km(Vv(;)mjdx = —/Sz‘jsz‘% gj;j dx
Ow; Ouy, 0%y,
/&jkv(;ma axmdx—i-/a”kv(;,mwlmdx

The last integral above can be written as

0%y, 0 Ouy, ow;
/ Sk Uomi 0x;0x, de = / Wilsm B, 0x,, (Elﬁk 0z; )dm / Wilgm 0T, dz =0,

since vg is divergence-free. Therefore, we have a bound for W:
( /W(t,x)dx( <2 / Voo(t, 2)2dz + & / s (t, ) 2| Vult, o)[2de
< o [ Vet oPde+ S ol Tl
The Gagliardo-Nirenberg inequality implies that
lealiza < ClIVwal22 osll 2"
For the gradient term above we can simply bound
IVvsllz> < ClIVullz: + ClVus|lz> < ClIVullz: < Cllwlze,
and we may use the estimate (7.82) for |vs|| 2. Therefore, we have
losl|Zs < C8Y2|]|Ze.
We may also use the same Gagliardo-Nirenberg inequality for ||Vul|zs, leading to
[Vullfs < CIVwllZ w]2

Altogether, this gives

1 051/ 3/2) . 1/2 5/2 3/2
o[z Vullzs < uwuyuwu/u 122 = C 2wl
14
—6|rVw|\L2+ ol

thus

‘/thdx‘< /|thx|dx+ w125

Finally, we estimate the most dangerous term Z(t,x),

Z = (S@u® . ,®)
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and this will be the only estimate that will involve the assumption that the direction (¢, x)
of the vorticity is Lipschitz:
Y]

We write

Z(t,x) = (SPw® - w®) = |w@(t,2) (S (t, 2)6P (1, 2) - €2 (t,2)) = |w(t,2)Pa®(t, @),

(7.93)
with 5 p
a®(t.5) = 2. [ DG elo+ o))l o+ )| (7.94)
where
D(eq, eq,e3) = (€1 - e3)Det(eq, e, e3).
Assumption (7.92) means that
N Yy
D€+ v).ga)] < 2, (7.95)

so that

3 d 3 d
|Z<t,x>1smw%x)\?/|w<2><t,x+y>|ﬁ ol w\?/\wtmy)ﬁ. (7.96)

[ 1zt < Sl [ 110020 - (7.97)
It = [ lotta+ )l

In order to compute the L?-norm of I, let us compute the Fourier transform of the func-

tion ¢ (y) = 1/[y[*:

N e2mi€: Ydy el sing
Y(&) = / PE / / ) dQCOSQ/ doe
—7/2
= 27'('/ dr/ du€27r’i|§\7‘u _ _/ sin T‘d?”‘
0 -1 €l Jo r

Hence, the L*-norm of I)t,z) can be bounded as (for any R > 0)
w(§)*d¢

(€2 |
—=2 >4 C
aen €7 Jesn I

Therefore, we have

with

ol = [ ieopie<c [EE e <o

Since
lw(©)] < |lw|lzrs
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the first term can be bounded as,
R
Ag] < 0/ lwl22dé < CRJw|fs.
0

The second term can be simply bounded by

C C

Bal < 5 [ w(O)Pd = el
R Ji¢1>r R?

It follows that for any R > 0 we have

C
171l < CRllwlz: + 55

_ <||W\|i2)1/3
lwllZ, 7

4/3 2/3
11112, < Cllwl||32[lw]2.

lwllZ-

Choosing

we deduce that

Returning to (7.97), we see that
[ 12.)de < Sl ol
The L*-norm of w is estimated using the same Gagliardo-Nirenberg inequality:
lwllis < OVl lwl;s,

so that

20/6 8/3
W2 lw] 3%,

3/2 5/6 2/3
[ 1221z < CITLLIIL 11 < 1%

Recalling also the a priori bound (7.32) in Lemma 7.2:

/ w(t, 2)ldz < Q.
R3

we see that Z is bounded as

|| 1.

[ 129l < LIVl +

Recollecting the starting point of our analysis (7.65)

2dt/|°"| d“’//|vw| dl’—/(Sw W)dw—/w-((vu)ca(w))dx,
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and summarizing the bounds (7.74), (7.81), (7.91), (7.103) we have obtained for the terms X,
Y. W and Z, respectively, in the right side of the above identity, we get

C
35 [ Voo [ (9 dx<CQHwHL2+ Y Vel + (0wl

C6? C 10/3
Vel + SOt + L vt + S (7.105)
Thus, the enstrophy
~ [ lwtt.)de,
satisfies a differential inequality
dE 2/3 2 5
o < Ci(1+ E*°)E + C10°E”, (7.106)

with a constant ' that depends on v, p, {2 and @). This is a nonlinear inequality and at the
first glance it may seem useless as the solution of an ODE

= C1(1+ 2222+ C16%2°,  2(0) = 2 > 0, (7.107)

blows up in a finite time. Here, however, we re only concerned with the solution being finite
until time ¢t = T', and, in addition, we have an extra piece of information: the function

k(t) = Ci(1+ E*®)

has a bounded integral:

T

g 4/3 1/3 2 2/3
/ k(t)dthT+/ lw(t)||¥2at < CT + CT" (/ Hw(t)HLgdt) <C(1+T)=D.
0 0

(7.108)
Crucially, the constant D does not depend on §. Therefore, the solution of (7.107) with 6 = 0
does remain finite until the time 7', and it is reasonable to expect that so does the solution
with 6 > 0 but small. To formalize this observation, let

E(t) = 2E(0) exp { /Ot k:(s)ds}.

Then E(0) < E(0), and we may define 7 as the first time such that F(7) = E(7). Until that
time, the function E(t) satisfies

C;— k(H)E + C168°E°, 0<t<T. (7.109)

Therefore, as long as E(t) < E(t), we have a bound for E(t):

E(t) exp{/ ds}+0152/ 5(s )exp{/:k‘(s')ds'}ds.
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Thus, if § is sufficiently small, we have E(t) < E(t) for all 0 <t < T. We conclude that
there3 exists 0y > 0 so that for all 0 < § < dy the enstrophy is bounded:

sup /\w(t,x)ﬁdw < +00. (7.110)

0<t<T

The last step is to observe that (7.105) together with (7.110) implies that

/ /\W| dr < +0o. (7.111)

This completes the proof of Lemma 7.3, and thus that of Theorem 7.1. O

8 The Caffarelli-Kohn-Nirenberg theorem

In this section, we will describe the results of Caffarelli, Kohn and Nirenberg on the Hausdorff
dimension of the set where the solution of the three-dimensional Navier-Stokes equations

u+u-Vu+Vp=Au+ f, (8.1)
V.ou=0, (8.2)

can possibly be singular. We consider this problem in a smooth bounded domain Q C R3,
with the no-slip boundary condition

u(t,x) =0 on 0S. (8.3)

The force f(t,x) is assumed to satisfy the incompressibility condition V- f = 0 — this condition
is not really necessary, as otherwise we would write f = V® 4 ¢, with V.g = 0, and absorb ¢
into the pressure term.

Weak solutions

Let us recall the notion of a Leray weak solution of the Navier-Stokes equations: u is a weak
solution if, first, it is a solution in the sense of distributions, that is, for any smooth compactly
supported vector-valued function (¢, z) we have

/[ (t,2) - 0t 2) — uo(x) - (0, 2)] dx—// s dxds—/ /ukujaxk
// (V- wdxds—/ / u - Ag) dxd8+// Y)df zds. (8.4)

The second condition is that u satisfies the energy inequality. Note that if u is a smooth
solution of the Navier-Stokes equations, then for any smooth test function ¢ we have

: /Q ult, ) o (t, 2)dx + /0 /Q Vuls,2)6(s, a)drds = ¢ /Q [uo(2) (0, ) (8.5)
+1/ /|u(3’x)]2(¢8(3,x)—|—A¢(s,x))dxds

// ’“”’”2 (sx))u V¢sxdmds+// (s, )dads.
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Taking, formally, ¢ = 1, the second condition for u to be a Leray weak solution is that it
satisfies the energy inequality:

%/Q\u(t,x)]zda:%—/ot/g\Vu(s,x)]deds < %/Q\uo(x)\de—l—/Ot/Q(f-u)dxds. (8.6)

Suitable weak solutions

Caffarelli, Kohn and Nuremberg consider a slightly stronger class of solutions, which they
call suitable weak solutions, defined on an open (time-space) set D € R x R?. We will,
obviously, require that u is a weak solution of the Navier-Stokes equations in the sense of
distributions: (8.4) holds for any function ¢ supported in D. We will assume that f € L?(D)
with some ¢ > 5/2 — this assumption is not very important, as the main result is interesting
even for f € C*(D). We will also assume that the pressure satisfies

p e L¥4(D), (8.7)

and that there exist some constants Fy and F; so that or any fixed time ¢ we have

lu(t, z)[*dv < Ey, (8.8)

Dy

where D; = DN (R? x {t}), and
/ |Vu(s,r)|?dr < E. (8.9)
D

In addition, we require that the generalized (or, localized) energy inequality holds: for any
function ¢ > 0 which is smooth and compactly supported in D, we have

/D]Vu(s,a:)\ng(s,x)dxds < %/D|u(3,a})]2(¢s(s,x) + A¢(s,x))dxds (8.10)

+f (B DE | oo 0))u- T x)dads + | (¢ wots. oyduds.

At the moment, it is not clear that a suitable weak solution exists — we will prove it below.

The parabolic Hausdorff measure

In order to formulate the main results, we need to define an analog of the Hausdorff mea-
sure H! but suitable for the parabolic problems. For any set X C R x R? 6 > 0 and k£ > 0
we define

Pf(X):inf{er: XCUQH, Ti<5}. (8.11)
i=1 i
Here, (), is a parabolic cylinder: it has the form

Q. = [t — 1% 1] x B,.(2),
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where B, (z) is a ball of radius r centered at the point x. Then we set

PHX) = lim Py (X). (8.12)

The standard Hausdorff measure is defined in the same way but with @), replaced by an
arbitrary closed subset of R x R? of diameter at most r;, thus we have

H < CPF.

The main results

We may now describe the main results of the Caffarelli-Kohn-Nirenberg paper. We say that
a point (¢,z) is singular if u is not in Lj2, in any neighborhood of (¢,z). Otherwise, we say

that (¢,z) is a singular point. We will denote by S the set of all singular points of wu(t, z).
Their first result shows that the singularity set has zero Hausdorff measure H!.

Theorem 8.1 Assume that either Q = R3 or Q C R? is a smooth bounded domain, and let
D = (0,T) x Q. Suppose that for some q¢ > 5/2 we have

fel*(D)NLL (D) V-f=0

loc

and
ug € L*(Q), V-ug=0, ug-v|og=0.

If Q) is bounded, we require, in addition, that ug € Wg//f(ﬁ) Then the initial boundary value

problem has a suitable weak solution in D whose singular set S satisfies P(S) = 0.
Their second result concerns absence of singularities outside of a ball of radius 1/v/%.

Theorem 8.2 Consider the Navier-Stokes equations in R® with f = 0 and assume that the
wnitial data satisfies V - ug = 0, and

1
G—é/hM@mﬂm<+m. (8.13)
RS

Then there exists a weak solution of the initial value problem which is reqular in the re-
gion {|z| > K /\/t}, with the constant K, which depends only on G and E, where

E—/ﬁmmWWM<+m.
R?)

Assumption (8.13) means that u is small at infinity, and this smallness, so to speak, invades
the whole space as t grows. If we assume that u is “small near the origin”, in the sense, that

_f wl
L= dz = L < +oo, (8.14)

R 7]
then we have the following result.

Theorem 8.3 Consider the Navier-Stokes equations in R® with f = 0 and assume that the
initial data satisfies V -ug = 0, and (8.14) holds. There exists a universal constant Ly so that

if L < Ly, then u is regular in the region {|x| < /(Lo — L)t}.
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The first key estimate: localizing “small data regularity”

We will denote the cylinders labeled by the top as

Q-(t,x)={(s,y): ly—z|<r, t—r?<s<t}

and those labeled by a point slightly below the top as
7 1
Qr(t,x) ={(s,y): ly—x|<r t— g?"z <s<t+ gﬂ}.

It is well known that if the initial condition uy and the force f are small in an appropriate
norm, then the solution of the Navier-Stokes equations remains regular for a short time. The
main issue in proving the partial regularity theorems is to localize this result. The first step
in this direction is an estimate showing that if u, p and f are sufficiently small on the unit
cylinder @Q; = @1(0,0), then w is regular in the smaller cylinder Q1,2 = Q1/2(0,0) — this is a
very common theme in the parabolic regularity theory.

Proposition 8.4 There exist absolute constants C; > 0 and €1 > 0 and a constant e5(q) > 0,
which depends only on q with the following property. Suppose that (u,p) is a suitable weak
solution of the Navier-Stokes system on Q1 with f € L%, with ¢ > 5/2. Assume also that

0 5/4
/<mﬁummmmri/(/"|mm) it < =1, (8.15)
Q1 1 |z|<1

and

/|wag@. (8.16)
Then we have [u(t,xz)| < Cy for Lebesgue-almost every (t,x) € Q1/2. In particular, u is reqular
m Ql/?-

In order to see how we may scale this result to a parabolic cylinder of length r, let us investigate
the dimension of various terms in the Navier-Stokes equations

ur+u-Vu+ Vp=Au+ f. (8.17)

Let us assign dimension L to the spatial variable z. As all individual terms in (8.17) should
have the same dimension, looking at the terms u; and Au we conclude that time should have
dimension L?. Comparing the terms u; and u-Vu we see that u should have the dimension L.
Then, f should have the same dimension as u;, which is L=3. Finally, the dimension of the
pressure term should be L=2. Summarizing, we have

@] =L, ] = L% W] =L7", [f]=L7" [p]=L"" (8.18)

Let us look at the dimension of each term in the estimate (8.15): the term involving |u|* has
the dimension

[ [t][u]” = L?,

the term involving |u||p| has the same dimension:



while the last term in the left side has the dimension

[1][2] B4 [p]5/4 = LB/AL10M4 = [134,

We also should note that the dimension of the L%-norm of f (to the power q) is
[ [t][f]7 = L>77.

Accordingly, for a parabolic cylinder @, (¢, z) we set

1 1 t 5/4
r - y—x|<r

and

E,(r)=r?"" | fl9dyds. (8.20)

Qr
Therefore, Proposition 8.4 has the following corollary.

Corollary 8.5 Suppose hat (u,p) is a suitable weak solution of the Navier-Stokes system on
a cylinder Q, with f € L, with ¢ > 5/2. Assume also that

M(r) < e, (8.21)
and
Fy(r) < es. (8.22)

Then we have |u(t,z)] < Ci/r for Lebesgue-almost every (t,x) € Q,j2. In particular, u is
reqular in Q. /2.

The second key estimate: the blow-up rate

One can deduce from Corollary 8.5 a heuristic estimate on the possible blow-up rate of the
solution. Assume that (to, zo) is a singular point. Then, (8.21) has to fail for all @, (¢, ) such
that (to,20) € Qr/2(t, x). Therefore, we must have

M(r) = M(r;t,x) > &

for a family of parabolic cylinders shrinking to the point (to,zo). Let us assume that

u(t,z) ~r=™,

near rg, with
r = (lz — xo|* + |t — to) /2.

Then we have 1 1
P23 3

M(r) ~

hence, a natural guess is m = 1, which translates into
C
|VU‘ > R as (t,(l]) — (to,l‘o). (823)
r

The next key estimate verifies that this is qualitatively correct.
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Proposition 8.6 There is an absolute constant e3 > 0 with the following property. If u is a
suitable weak solution of the Navier-Stokes equations near (t,z), and if

1
lim sup —/ \Vul2dyds < e3, (8.24)
Q7 (t.z)

rl0 r
then (t,x) is a regular point.

Let us explain how Theorem 8.1 would follow. Take any (¢, x) in the singular set, then,
by Proposition 8.6 we have

1
lim sup —/ |Vul2dyds > es. (8.25)
Qr ()

rl0 r

Take a neighborhood V' of the singular set S and § > 0. For each (¢,z) € S we may choose a
parabolic cylinder Q*(t, z) with » < ¢ and such that

1
—/Q ( )|Vu\2dyds > 3, (8.26)
w(tx

r

and Q*(t,z) C V. We will make use of the following covering lemma.

Lemma 8.7 Let J be a collection of parabolic cylinders Q:(t,x) contained in a bounded
set V.. Then there exists an at most countable sub-collection J' = {Q; = Q; (ti,z;)} of
non-overlapping cylinders such that for any Q* € J there exists Q} so that

Q" C Qi (i, 1),

The proof is very similar to that of the classic Vitali lemma and we leave it to the reader as
an exercise. Using this lemma, we obtain a disjoint collection of cylinders @, (¢;, z;) such that

S C U an (ti’ xi)»

and 1 1
Y ori<— | |VuPdzdt < —/ \Vu|*dzdt.
p €3 Jq;, € Jv
We deduce that )
PL(S) < — / |Vul|*dxdt. (8.27)
€ Jv

In particular, we deduce that the (three-dimensional) Lebesgue measure of S is zero. Then,
as V is an arbitrary neighborhood of S, and the function |Vu|? is integrable, we can make the
right side of (8.27) arbitrarily small. It follows that P'(S) = 0, proving Theorem 8.1. Thus,
the crux of the matter is the proof of Propositions 8.4 and 8.6.
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Serrin’s interior regularity result

Before we proceed with the further discussion of the proofs of the theorems of Caffarelli, Kohn
and Nirenberg, let us explain why we say a solution is regular if it is just bounded, and do
not require further differentiability. The reason is a result of Serrin on the interior regularity
of the weak solutions of the Navier-Stokes equations

u+u-Vu—+Vp=Au+ f, (8.28)
V-u=0.

We will assume for simplicity that f = 0 — the reader should consider the generalization to
the case f # 0 as an exercise, or consult Serrin’s original paper. Let us borrow the following
very simple observation from Serrin’s paper: if ¢)(x) is a harmonic function, then any function
of the form
u(t,z) = a(t)Vip(x)

is a weak solution of the Navier-Stokes equations, as long as the function a(t) is integrable.
Therefore, boundedness of u(t,z) can not, in general, imply any information on the time
derivatives of u. On the other hand, this example does not rule out the hope that relatively
weak assumptions on v would guarantee its spatial regularity.

Here is one version of Serrin’s result, which says that bounded solutions of the force-less
Navier-Stokes equations are essentially as good as the solutions of the heat equation.

Theorem 8.8 Let u be a Leray weak solution of the Navier-Stokes equations in an open

region R = (t1,t2) X Q of space-time, with f =0, and such that

to
/ / |w(t, ¥)|*dzdt < +oo,  sup / lu(t, z)|*dr < +oo, (8.29)
t1 Q 1JQ

tG[tl,tz

where w = V X u is the vorticity. Assume, in addition, that u € L>°(R). Then, u is of the C*
class in the space variables on every compact subset of R.

The full statement of the Serrin theorem says that if u € L>* (R), with

to
o = / Jul
t1

3 2
g + ; <1, (830)

o 1/s
L3(Q) dt) )

|

with (in three dimensions)

then u is C™ in the spatial variables. If, in addition, we know that v, € L*? with p > 1, then
the spatial derivatives of u are absolutely continuous in time. We will not need these results
for our purposes, so we will leave them out for now. Let us make one comment, however: if
we take s’ = 0o, then condition (8.30) is satisfied, as long as s > 3. That is, if we would have
known a priori that

/ lu(t, z)|*dx < const,
R3
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then we could conclude that u is a smooth solution. Of course, we have this information only
for the L2-norm of the Leray weak solutions, and not for the L3-norm.
For the proof of Theorem 8.8, let us recall the vorticity equation in three dimensions:

wetu-Vw—Aw =w - Vu. (8.31)

Written in the components, this equation is

Ow,  Ouy, Owy,
ot Awr = w, Oz, 1 ox;’ (8:32)
or P P
Wi

Let ©Q; be a compact subset of 2, and t; < s; < sy < to, so that S = (s1, 82) x ) is a proper
subset of R, and define, for s; <t < ss:

Ox(t,x) = aix]/ ; G(t —s,x —y)w;(s, y)uk(s,y) — u;i(s, y)wi(s, y)|dyds

— / / o _8985’ - [wi(s, y)ur(s, y) — u;(s, y)wr(s, y)ldyds.
s1J

J

Here, G(t,z) is the standard heat kernel. The functions

(1, ) = / / Gt — 5% — )y (5 9)us(s, ) — w3 (5, 9)wn (5, )] dyds

satisfy
amkj

ot
Thus, for (t,z) € S, the function @ is the solution of

— Amy; = (Wjur, — Uj W)Xy, () X0, (7). (8.34)

0w 5 0
8—: — Ay, = 8_xj<wjuk — Uj W). (8.35)

It follows that the difference
B(t,x) = w(t,x) — &(t, x)

satisfies the standard heat equation
B, — AB =0,

on the set S.
We will now show that w € L*(S), that is, if w is uniformly bounded on R, then the
vorticity is uniformly bounded on any compact subset of R.
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Exercise 8.9 Use the convolution with the heat kernel to show that if ¢(t,x) satisfies

dg
—Ap=—=
in the whole space R™, then
10l < CligllLs,

as long as
1 1
m+2m-—-)<1
q T
The norms are take in space-time.

As u is a Leray weak solution, we know that w € L?(R). As u € L*(R), it follows that
the functions
gjk(57 y) = wj(‘sv y)uk(57 y) — Uy (57 y)wk(‘S? y)
are also in L*(R). The result of the above exercise says that then & € L" with

11 1 1

r 2 3 6

But then g € L5, as well, and, as 1/6 < 1/3, it follows that @ € L>®(R). We also know
that B € L>=(S) by the regularity estimates for the heat equation, as B € L?(R) — it is the
difference of two functions in L?*(R). Moreover, we know that B is Holder continuous.

Now that we know that w € L>®(R), we recall that the velocity and the vorticity are
related by the stream vector v, defined as the solution of

—AY=w, V-1=0,
and
u=—-V x.

Therefore, if w € L>°(R), then ¢ is C1* in the spatial variable, hence u is Holder in x, and,
in particular, in L. Then the functions my; are C*® in z, thus w is Holder in z. Then, the

functions gx; are Holder in z, so w, is Holder in z, continuing this argument we deduce that
both w and u are C*°.

Existence of suitable weak solutions

We now prove the existence of suitable weak solutions, in the sense of Caffarelli, Kohn and
Nirenberg. We will restrict ourselves to the whole space: Q = R3. Let us first define the
appropriate function spaces. As usual, we will denote by V the space of smooth divergence-
free vector fields u, by H the closure of V in L*(R?), by V the closure of V in H'(R?), and
by V' the dual space of V. The Sobolev spaces Wé(R?’) with ¢ > 1 and 0 < [ < 1 consists of
functions with [ derivatives in L9, and with the norm

lullwy = llullze + [1(=2)"ul 1.
We will make the standard assumptions:

Q=R3 uy € H, f e L*0,T; H'(R?)). (8.36)
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Theorem 8.10 Assume that = R3, ug and f satisfy (8.36). Then there exists a suitable
weak solution
u€ L*0,T; V)N L®0,T; H),

of the Navier-Stokes equations with the force f and the initial condition ug, in the sense
that u(t) — uo weakly in H as t — 0. The pressure satisfies p € L3((0,T) x R?). In
addition, if ¢ € C([0,T] x R3?), ¢ > 0 and is compactly supported, then

%/]1%3 lu(t, z)2p(t, v)dx —|—/0 /R3 \Vu(s, z)|?¢(s, v)dxds < é/Rg o (2) 26(0, 2)dz

_,_1/ lu(s, 2)|?(¢s(s, ) + Ag(s, x))dxds (8.37)

2
// ]us:c] (sx))u V¢sxdxds+// ¢(s, x)dxds.
R3 R3

The proof is done via a "retarded mollification”. The (standard) idea is to take Ws(u) to be
a mollifier of u such that Ws(u) is divergence-free and depends only on the values of u(s, x)
with s <t — . The mollified system

u + VUs(u) - Vu+ Vp = Au+ f (8.38)

is then linear on each time interval of the firm (md, (m + 1)d). We will get uniform in ¢ a
priori bounds on u, and then pass to the limit ¢ — 0.

Let us recall some basic facts about the linear Stokes equation, whose proof is very similar
to what we have done on the torus previously.

u+Vp=Au+f, V-u=0. (8.39)

Lemma 8.11 Suppose that f € L*(0,T;V"), u € L*(0,T;V), p is a distribution and (8.39)

holds. Then u; € L*(0,T; V"),
i/ ‘u’2dx—2/(u w)dz
dt Q B Q ' ’

in the sense of distributions on (0,T"), and u € C([0,T], H), possibly after a modification on
a set of measure zero.

Lemma 8.12 Suppose that f € L*(0,T;V"), ug € H, and w € C*([0,T]; Q) are prescribed,
and V -w = 0. Then there exists a unique function v € L*(0,T;V) N C([0,T); H), and a

distribution p so that
w+w-Vu+Vp=Au+f, V-u=0, (8.40)

in the sense of distributions, and u(0) = wuy.
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Some pressure bounds and interpolation on the velocity

Note that if u solves (8.40) in the whole space, then the pressure satisfies the Poisson equation
Z 0% (wiu (8.41)
i,7=1

The singular integral operator corresponding to the Fourier multiplier

&i&;
I35

is bounded LP(R™) — LP(R™) for all 1 < p < oo, thus, in particular, we have the bound
/ p|?3dads < C’/ / lw|>3|ul*3dxds (8.42)
R3

r 1/2 1/2
< C’(/ |w|10/3dxds> (/ |u|10/3dxds> : (8.43)
0o Jmrs 0o Jms

We will now use a Gagliardo-Nirenberg inequality

/RS |ul?dz < C(/R |Vu|2das>a</Rs |u|2dx)q/“, (8.44)

with 2 < ¢ < 6 and a = 3(¢ — 2)/4. Note that when ¢ = 2, a = 0, this is a tautology, and
when ¢ = 6, a = 3, this is the familiar Gagliardo-Nirenberg inequality

3
/ lu|®dx < C’(/ |Vu|2dx> . (8.45)
R3 R3

Taking ¢ = 10/3, and a = 1 gives

/RB 193z < c(/]R Vuldz) (/R \u|2d;c)2/3 (8.46)

Integrating in time and using the a priori assumptions (8.8) and (8.9) leads to

T
/0 g u|'3dzdt < CE,(u)E2? (u). (8.47)
Another useful estimate, obtained, once again, by taking ¢ = 10/3 and a = 1, is

5/8 T 3/8
//\w Vu]5/4d$dt< //]Vu| dwdt (/ / \w\lo/?’da:dt) (8.48)
R3 R3 o Jrs

< OBy (u)*2 By (w)¥* Eo(w)"/4, (8.49)
which can be restated as

||U) . VU||L5/4 S OEl (U)1/2E1 (w)g/loEo(w)l/s. (850)
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We will also use the following bound, which follows from (8.45) with ¢ = 5/2 and a = 3/8:
5/2 7/8 2 3/8
u|*/2dz < CE] (/ IVl dx) . (8.51)
R3 R3

As a consequence, we have

T 2 T 3/4
/ ( |u|5/2d:v> dt < CEo(u)™ / ( |Vu|2d:1:> dt (8.52)
0 R3 0 R3
T 3/4
SCEO(u)7/4T1/4< / / |Vu|2dxdt> < CTVAE! By ().
0 R3

This can be restated as
lull s g2y < CTV2EG By (u) /. (8.53)

These bounds allow us to take a solution (in the sense of distributions) v € C([0,T]; H) N
L?(0,T;V) of the Stokes advection equation

u+w-u—Au+Vp=f, (8.54)

with w € C°°, multiply by a test function ¢ and obtain
T
[ et oz [ (VutoPo o= [ Ju@Pe0.ade (.55
R3 0o Jrs R3

T T T
+/0 R3\U|2(¢t+A¢)da:dt+/o /RS(\qu—l—qu)-Vqﬁdxdt—i—Q/o /Rg(u-f)dg:dt.

Exercise 8.13 Justify the integration by parts above by mollifying (in time and space) each
term in the Stokes equation, multiplying by ¢, integrating by parts and then removing the
mollification using the a priori bounds obtained above.

The retarded mollifier
We take a C*° function ¢ (¢,z) > 0 such that

/’(/)(t,$)d$dt =1,

and
suppy C {(t,x): |x|* <t, 1 <t <2}

We also extend u(t,z) by zero to t < 0, and set

1

(54 R4

Us(u)(t,x) =

U5, S)alr —y,t — s)dyds. (8.56)

5 Y
)
The mollified u is divergence-free:

V- \I/(s(u) = 0,
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and it inherits the a priori bounds on w:

sup |Ws(u)|?(t, 2)dr < CEy(u), (8.57)
o<t<t JRr3
and .
/ 0 (w) (¢, ) dwdt < CEy(u). (8.58)
0 R3

The approximants

We will use the approximants

0
% + Us(uyn) - Vuy + Vpy = Auy + f, (8.59)
V- unN = 0,

un (0, ) = up(x),

with 6 = T'/N. We may apply inductively the existence result for the Stokes equation with a
prescribed advection, on the time intervals of the form (md, (m+1)d), 0 <m < N —1. Then
we have

t

t
|uN(t,x)\2dx+2/ ]VuN(s,x)\dedSZ/ ]uo(x)]2d$+2/ / (f-un)dzds. (8.60)
R3 0 JRr3 R3 0 JR3

In particular, we have

t t
|uN(t,x)\2d:c—|—/ \qu<s,x)y2dxdsg/ \uo(x)|2dx+/ If|2ds.  (8.61)
R3 0 JR3 R3 0

We conclude that uy is uniformly bounded in L*(0,7;V) N L*°(0,T; H), the usual Leray
bound. In addition, we know that py is bounded in L*/3([0, T] x R?). It follows that, after an

extraction of a sub-sequence, we have that py — p. weakly in L>3([0, T] x R?), and uy — u,,
weak-star in L>(0,T; H), and weakly in L*(0,T;V).

Exercise 8.14 Show that if uy is bounded in L>(0,7;V)NL*>(0,T; H), and %L—ZV is bounded
in L?(0,T; H?), then uy has a convergent subsequence in L?*([0, 7] x R3).

Exercise 8.15 Show that if uy — u. strongly in LY and uy is bounded in L", 1 < q < r,
then uny — u, strongly in L*® for all q,s <.

We may use this with ¢ = 2 and » = 10/3 to conclude that uy — w, strongly in L*([0, 7] x R?)
for all 2 < s < 10/3. Then one may easily check that (u.,p.) is the sought suitable weak
solution of the Navier-Stokes equations.
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The proof of Proposition 8.4

We now turn to the proof of the two main auxiliary results, and begin with Proposition 8.4.
We recall its statement:

Proposition 8.16 There exist two absolute constants C1 > 0 and 1 > 0 and another con-
stant £5(q) > 0, which depends only on q with the following property. Suppose that (u,p) is
a suitable weak solution of the Navier-Stokes system on Q1(0,0) with f € L9, with ¢ > 5/2.

Assume also that
5 0 5/4
/(\uy +|u\|p\)dxdt+/ (/ plde) " dr < <, (8.62)
Q1 1 |Z‘<1

and

; |f|%dwdt < es. (8.63)
1

Then we have |u(t,x)| < Cy for Lebesgue-almost every (t,x) € Q12(0,0). In particular, u is
reqular in Q1 2.

Outline of the proof

Let us take an arbitrary point (s, z¢) € Q1/2(0,0), where we want to show that |u(s, z¢)| < C.
As Q1/2(s,z9) C Q1(0,0), we have an integral estimate

$ 5/4
/ (|ul® + |u||p|)dzdt +/ (/ ]p|dx) dt < ey. (8.64)
Q1/2(s,70) s—1/4 |x—xz0|<1/2

We will consider a sequence of shrinking parabolic cylinders Qr = Q. (s, o), “centered” at
the point (s, ) with r, = 27%. Our goal will be to show that for all k > 2 we have

]l[ | u(s, z)|2dz < Coel/?, (8.65)
r—x0|<Tk

where st f denotes the average of a function f over the set S. Then, if (s,xzq) is a Lebesgue

point for w, it follows that
lu(s, o)]* < 0063/3, (8.66)

hence (8.66) holds for Lebesgue almost every point in (1/2(0,0), which is exactly the claim
of Proposition 8.16.
In order to prove (8.65) we will show that for all & > 2 we have a more general estimate

1
sup ][ u(t, z)|*dz + — \Vu(t, z)Pdedt < Coe/?, (8.67)
s—r2<t<sd [x—wo|<ry T JQy
where
Pr(t) :][ p(t, z)dz. (8.68)
|z—zo| <7

Note that (8.65) follows immediately from (8.67). Thus, the conclusion of Proposition 8.4
follows from (8.67).
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The induction base. We will prove (8.67) by induction, starting with & = 2. For k = 2,
we may use the localized energy inequality: for every smooth test function ¢(t,z) > 0, that
vanishes near |z| = 1 and ¢t = —1, we have, for —1 < s <0, with B; = B;(0,0):

|u(s z)|2o(s, z d$+2/ |Vu(t, z)|*o(t, v)dzdt < / lu(t, z)|*(¢¢ + A¢)dwdt

—1J By

/ / (Jul* + 2p)u - Vo(t, z)dtdr + 2/ / o(t, x)dxdt. (8.69)
~1JB B

Taking ¢ such that 0 < ¢ <1, ¢ =1 on Q1/2(0,0) and ¢ is supported in @Q;(0,0), we deduce
that

/ (s, )Pdat [ |Vult,o)Pdedt < C / (Ju -+l + al [p - Jull {1 dede. (8.70)
le—zo|<1/4 Q2 Q1(0,0)

Now, we may use Young’s inequality on the term |u||f], together with the L?-bound on f,
with ¢ > 5/2, the Holder inequality, as well as our assumption (8.64), to conclude that the
left side of (8.70) is smaller than C’af/ ? provided that e, and e, are both sufficiently small.
Thus, (8.67) holds for k£ = 2.

The induction step. The induction step in the proof of (8.67) will be split into two
sub-steps. First, we will show that if (8.67) holds for all 2 < k <mn — 1, and n > 3, then we

have
.3 /5

1 / 2/3
— u||p — Dpldxdt < e7'". 8.71
|Qnl Jq. [@nl al | 87

Next, we will show that if (8.71) holds for all 3 < k < n, then (8.67) holds for k£ = n. That
is, we have the following two lemmas.

luPdzdt + ——

Lemma 8.17 Assume that €1 and 9 are sufficiently small, and n > 3, and (8.67) holds for
all2 <k <n-—1, then (8.71) holds.

Lemma 8.18 Assume that (8.71) holds for all 3 < k < n, and &1 and €5 are sufficiently
small, then (8.67) holds for k =n.

The proof of these lemmas is the heart of the argument.

The proof of Lemma 8.17
We set

s—r2<t<s T

1 1
A(r)= sup - / u(t, z)Pde,  G(r)= - / |uf*dxdt,
Br (o) r r

and

. , 1 s 5/4
6(r) =~ [ IVu(t.o)Pdedt,  K(r) = 7 / L /Bmo) pldz) " .

Qr

Recalling that the dimension of u is 1/L, and the dimension of ¢ is L?, while the dimension
of pis 1/L? we see that, A(r), G(r), K(r) and §(r) are all dimensionless. The induction
hypothesis is

Ary) +68(r) < CePr?2 2<k<n-—1. (8.72)
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In addition, we know that
G(Tl) + K(Tl) < 051, (873)

which is part of (8.64).
Bound on the first term in (8.71). The two terms in the left side of (8.71) will be
estimated separately. We will extensively use the Gagliardo—Nirenberg inequality in a ball

a q/2
/|u|qu§0</ |Vu|2d95> (/ |u| = / e dx , (8.74)
By B, B,

with 2 < ¢ < 6, and a = 3(q — 2)/4 — this is the only choice of a which makes (8.74)
dimensionally correct. Taking ¢ = 3 and a = 3/4 gives a bound on the L3-norm that appears
in the left side of (8.71):

3 2 3/4 2
/B|u| dxg(J(/B Vuldz) (/B fuf? 3/2 /|u| S (875)

Integrating in time and using Holder’s inequality leads to

s 3/4 3/2
/ lu|*dwdt < C’/ / |Vu|2dx / |u|2dx> dt + 3/2/ / |ul? dm dt
4 1/4 3/2
< C’ / |Vul? d:pdt / / |u|? dx dt + 3—/2/ / |u|2dx dt
r s—r2 B,

< c(mm) ARG A £ Cr A2 = CrRAG A0 + A (8.76)

Dividing by |Q,| gives

1 C
ul?dad uPdzdt < ——A(r—1)**[5(rn—1)¥* + A(r_1)**]
Qs | Qr, 4 Qr, 4 Tn—1
C
< 5 (Alra-1) +6<rn_1>>3/2 < Cey, (8.77)
n—1
which, in turn, means that
1 c’
— lu*drdt < ——— lul*dzdt < C"e;. (8.78)
@r. | Ja.., @il o,
Hence, if 1 is so small that
o /3 « =
elf <3,
then
1 1
o1/, ulPdedt < 553/3. (8.79)

This is the estimate we need on the first term in the left side of (8.71). Note that (8.78) can
be also restated as

G(rp) < Ceyr?. (8.80)
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Bound on the second term in (8.71). In order to get a bound on the second term in
the left side of (8.71), we need to show that, under the assumption

Alr) +0(ry) < Cel’r?, 2<k<n—1, (8.81)
we have
T?/5 52/3
o |ullp — pn|dzdt < 17, (8.82)
nl JQn

provided that e, is sufficiently small. The main issue is bounding the pressure. Recall that p
satisfies the Poisson equation

82

—Ap =

For any cut-off function ¢ we can write

oaplt) =~ [ T a oy =~ [ (pA0+ 290 Vo 6Ap)dy

AT Jps |z — 9 4
Using (8.83) and integrating by parts, we may write the above as

op = p1 + p2 + p3,

where
3 o 1
= — iujdy,
= RS ayiayj[]x—y]]dmuj y
3 Ti —Y; (9(;5 3 / 1 82¢
suid u;dy,
P27 0 Joo Te—yP oy, Y T dx Ju To— yl Ogad, Y

3 1 3 i — Yi (9925
d
Oy MmN Wi 2y,

We will take a function ¢ so that ¢(y) =1 for |y — 2| < 3/16 and ¢(y) = 0 if |y — x| > 1/4.
Let us split p; as

P1 = P11 + P1o,
with

3 0? 1

b1 = — [ ]¢Uiu'd?/,
4m ly—zo|<2rp 8%8% |£L' - yl !
3 0? 1

P12 = — [ ]¢uiu-dy.
4m ly—zo|>2ry ayzay] |ZZ' - yl ’

We can write (dropping the subscript n for the moment)

lp = p| < |p11 — Pui| + [p12 — Dra| + [p3 — Ps| + [pa — Pal.
To estimate pq1, recall that the operators

Tij(y) = (ka%) * 9
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are Calderon-Zygmund operators, hence they are uniformly bounded in L9, 1 < g < co. It
follows that (we denote r =, and B, = B,, (%))

2/3
Iprillzerzga,) < O / uftd) ",
B

2r

and

1 1 2/3
o < [l < Lo ([ toas)”
P11 ’Br| B, ’p| ‘Br‘2/3 B |p‘

o |*2dz < / ipl*/2da.
B,

hence

B;
We conclude that

1/3 2/3
/ \u||p11 — puildr < C(/ |u|3dx> (/ |u|3dx> ) (8.84)
BT B'r BQT

The terms |p; — p;| for pia, p2 and ps are estimated using the following bounds on the
gradients Vp; for |x — x| < r (recall that ¢ =1 in the ball Bs/16(x0) so that V¢ = 0 in that
ball):

[uf” Juf?

2r<|y—zo|<1/4 |y - ZE0|3

2r<|y—zol<1/4 ’y - ZL”?’

Vps(a)| < C / ul?dy,

B1/4($0)

Vps(z)| < C / 1pldy.

B1/4(z0)

This leads to
1/3
[ Vel = pual < €r{sup [9pua) )67 ( [ Jupde)
B, Br

LL‘GBT

3 5, \? Juf®
<Cr |ul°dx ——dy, (8.85)
B, 2r<|y—zo|<1/4 |y - 1'0‘

and

ullpe = pa) < €l sup (Vpa(o))*( [ Jufda) (8.56)

B'p xEBr

3 3 1/3 2 3 3 1/3 3 2/3
<or( [ Jupa) uPdy < cr( [ pfar) ([ julay)
B Bl/4(x0) By B1/4(SC())

For p3, we write

[ s or( [ i) ([ ) (5.57)
< Cr(r3)3/5</Br IU|2dy) 1/5(/& \U|3dy) 1/5(/3 )|p\>
<crtae ([ ra) ([ i)
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Integrating the above estimates over the time interval s — r? < t < s, and collecting all the
terms we get

|ullp — ppldxdt < Wy + Wy + Wa + W, (8.88)
QT‘

The term

1/3 2/3
- c( / \u|3dxdt> ( / ]u\?’dxdt) — Or2G()PGErY? (8.89)
Qr

2r

comes from (8.84) and using Holder’s inequality. Using (8.80), W; can be bounded as
Wy < CeyrZrd = Ceyrd, (8.90)

The second term arises from (8.85) and also using Hoélder’s inequality (note that 13/3 =
3+ 2(2/3)),

1/3 t 2
Wy = C’r13/3</ |u|3dmdt> sup / Mdy. (8.91)
Qr 2r<|y—xzo|<1/4

s—r2<t<s |y - x0|3

Note that for r = r, = 27", the last factor in (8.91) can be estimated with the help of the
induction hypothesis (8.81) as

/ wmmwgf/ ult. ),

_ 3 — 3
o <|y—wo|<1/4 |y — o i3 J 27k <|y—wo|<2~(k=1) |y — o

n—1 n—1 2/3
Ce
gZﬂ/ \mmmgzﬁ7m<&ﬁzﬂ<_;
k=3 k=3

2—k<|y_x0|<27(k71)

Using this inequality, together with (8.80) in (8.91) gives

Wy < Cri3B2G(rn)) P2 < CriG(r,) 32 < Cre,. (8.92)

The third term

Wy = o /Q |u\3dxdt>l/ 3( /Q ]u\dedt)Z/ ’ (8.93)
r 1/4

comes from (8.86) and, of course, using Holder’s inequality once again, and can be bounded
with the help of (8.80) as

W5 < Cr3(r2G(rn) 3G (1/4)% < Crt4/3e,. (8.94)

Finally, the last term in (8.88) comes from (8.87):

0

Wy = Cr3A(r)1/5( /Q !udedt) 1/5( / . ( /B !p\dx)5/4dt)4/5. (8.95)
r - 1/4
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It can be bounded as (assuming that ¢; < 1):
Wi < Cr3A(ra) P (r2G(r,)) Pl < Or3 (2223 (156, ) 5et/® < Op22/5g,. (8.96)

Altogether, we conclude that

/ ullp — P, |dzdt < Cr22/5¢,. (8.97)
We conclude that
7“;3/5 2/
|ullp — ., |dxdt < Cey < ——, (8.98)
|Qn| Qn 2

provided that £, is small enough. This bounds the second term in (8.71) and finishes the
proof of Lemma 8.17.

Proof of Lemma 8.18

We now assume that

1 315 Vs
| uPdwdt + - \uup Puldadt < 37, (8.99)
Qx| Jo, @kl Jo
for all 3 < k < n, and show that then
sup ][ |u(t, z)[*dx + —/ IVu(t, z)|2dzdt < Coet®. (8.100)
s—r2<t<sJ |z—zo|<rn,

We will shift the origin so that (s,z) = (0,0), to simplify the notation. The idea is to use
the generalized energy inequality

s

[ (s, m)o(s, )i + 2 / IVl 2) Pl 2)dwdt < / lu(t, 2)[2(én + Ad)dadt
B1

B1

/ / (|u* + 2p)u - Vo(t, x)dtdz + 2/ / o(t, z)dxdt, (8.101)
—1 B1 Bl

with a suitable test function ¢,,. We will set

an(tv x) = X(x>¢n(tv I),

with the backward heat kernel

B 1 |$’2
Un(t,x) = W‘”‘p{ B m}’

and a smooth function x(x) > 0 so that x(z) = 1 on Q2 = Q1/4(0,0) and x = 0 outside
of Q1/3(0,0). Then we have
O

8t +A¢n_ ) OnQQJ
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and

agi "+ A¢,| <O, everywhere,
and the following bounds hold:
1 C C
Cr < ¢, < 3 V| < — e on Q,, n>2 (8.102)
and
1 C
— 1 on Qr-1\ Qk, n > 2. (8.103)
Cry Ty

C
)
(8

We may now insert this ¢,, into (8.101), and use the lower bound for ¢,, on @, to get

1
sup  — lu(t, x)| dx—i——/ ]Vu]Qda:dt<C/ |ul? ] +A¢n|da:dt

—r2<t<0 T J |z|<rn

+C \u|3|V¢n|dtdx+C"/ p(u~V¢n)dtdx‘—|—C’/ \f ||l |p|dazdt
Q1 1 Q1

= O + L+ Is + I). (8.104)

To estimate I, we simply use Holder’s inequality:

L <O [ JuPdedt < O< |u|3dxdt> < o, (8.105)
Q1 Q1
The second term is estimated as
I < C ulPdxdt < C —62/3r5 < o2/, 8.106
1 Tk 1

The last term in (8.104) is also easy:

"1 "1 1/3 2/3
RO / et 0 /Q 1) /Q )T s

2/3 10/3-5 1/q_2/9 2-5 1/q_2/9
< OZ 51/ 7"72 1/3||f||L<1(Q1)7"k /3-5/q < C€Q/q€1/ Zrk /4 < C’EQ/qu/ ’
k=1

as ¢ > 5/2. Therefore, if e, is sufficiently small, we have
L] < Ce2°. (8.108)

Finally, we deal with I3. Here, we will use the condition that u is a divergence-free flow.
Let us take smooth functions 0 < x; < 1 such that x, = 1 on Q7 /s, and x; = 0 outside
of @, and

C
Vxe| < —.
Tk
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Then, as x1¢, = ¢,, we can write I3 as a telescoping sum:

1

n—1
ha/vamww:§l/mrwuwwwwm+/pwumm (8.109)
1 k=1 1
Since u is divergence-free, and x — x1 vanishes outside of @)y, we can write for k£ > 3:
[ ¥ =)o = [ D000 = | =P T~ v
k

1 Qk

For k = 1,2 we simply have

<c [ |pllul <cCe?,

Q1

‘ /Q pu - V(XK — Xkt1)Pn)

while for the last term in (8.109) we have

/Q1 pu - (XnPn) 2/ (P — Pt - V(xnhn)-

n

Putting these together, we have

~ 1 =~ 1 _
I3 §C€?/3+Czﬁ/ | — Pr||ul SCef/g—l—Czr—ﬁf/grz 5 < el (8.110)
k=3 K 7Ck k=3 'k

This finishes the proof of Lemma 8.18, and thus that of Proposition 8.4.

110



