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BLOW-UP IN FINITE TIME FOR THE DYADIC MODEL
OF THE NAVIER-STOKES EQUATIONS

ALEXEY CHESKIDOV

ABSTRACT. We study the dyadic model of the Navier-Stokes equations intro-
duced by Katz and Pavlovi¢. They showed a finite time blow-up in the case
where the dissipation degree « is less than 1/4. In this paper we prove the
existence of weak solutions for all «, energy inequality for every weak solu-
tion with nonnegative initial data starting from any time, local regularity for
a > 1/3, and global regularity for &« > 1/2. In addition, we prove a finite
time blow-up in the case where a < 1/3. It is remarkable that the model with
a = 1/3 enjoys the same estimates on the nonlinear term as the 4D Navier-
Stokes equations. Finally, we discuss a weak global attractor, which coincides
with a maximal bounded invariant set for all a and becomes a strong global
attractor for o > 1/2.

1. INTRODUCTION

The regularity of the 3D incompressible Navier-Stokes equations (NSE) remains
a significant problem. This, among many other open problems connected with the
3D NSE, depends on the estimates on the inertial term (u- V)u in the equations.
In this paper we study a dyadic model, which has similar properties to the 3D NSE,
the same estimates on the inertial term, and the same open question concerning
the regularity of the solutions.

There have been many simple models proposed in the literature that capture
some essential features of the 3D NSE. Among these are shell models of turbulence,
which have been investigated for many years (see [2, [1T], 12} 16, [18]). Recently, some
of these models, as well as some new ones, were extensively studied analytically.
In [7], Constantin, Levant, and Titi study the “sabra” shell model of turbulence,
proving a global regularity and the existence of a finite dimensional global attractor
and inertial manifold.

In [14], Katz and Pavlovié¢ introduced another shell-type model, the dyadic model
for the Euler and Navier-Stokes equations. This model, motivated by [13], is an
infinite system of nonlinear ODEs that describes evolutions of wavelet coefficients.
In [9], Friedlander and Pavlovi¢ proposed a three-dimensional vector model for the
Euler equations, similar to a quasi-linear approximation of the 3D Navier-Stokes
system constructed by Dinaburg and Sinai [§]. Both of these dyadic models can be
reduced to the following system of nonlinear ODEs:

d
(1.1) —n+ A2 — N2 N T g, = g, n €N,
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5102 ALEXEY CHESKIDOV

where ug = 0. Here, A > 1, v > 0 is the viscosity, and « > 0 is the dissipation
degree. Note that we also include a force g = (g1,92,...) in the model. For
u = (u1,us,...), the dyadic model can be written as

iu + vAu+ B(u,u) = g,

dt
where
(Au), = A\, (B(u,u))p = =A"u_| + X" upu, g,
and ug = 0. Note that for a = 2/5 the following are sharp estimates on the inertial
term:

|(B(u,w), Au)| S |Auf*/2|AY 2?2,
where (-, -) and |-| are the [?>-inner product and norm respectively. The best known
estimates on the inertial term of the 3D NSE are the same, with (-, -) and | - | being
the L2-inner product and norm.

Katz and Pavlovi¢ [I4] proved that under certain assumptions on the initial
conditions, solutions of the inviscid dyadic model blow up in finite time in a norm
stronger than the /2-norm. Later, Waleffe [21] derived the inviscid dyadic model
from the Burgers equation reducing it to (IIl) with ¥ = 0. Recently, Kiselev and
Zlatos [15] sharpened the blow-up result for the dyadic model and studied a very
similar Obukhov model (see [17]) proving a global regularity of every solution with
regular initial data. In addition, the existence of a global attractor of the inviscid
dyadic model is proved in [5]. This surprising fact is a result of a self-dissipation
mechanism due to the loss of regularity of solutions.

In this paper we will study the viscous dyadic model, i.e., the model (LI]) with
v > 0. In this case Katz and Pavlovié¢ [14] obtained a finite time blow-up of solutions
with certain initial data when o < 1/4. Our main goal is to prove a finite time
blow-up in the case where o < 1/3. It is remarkable that in the critical case o = 1/3
the following are sharp estimates on the nonlinear term:

|(B(u, u), Au)| < |Aul*| A ?ul.

Note that the best known estimates on the nonlinear term of the 4D NSE are
exactly the same.

This paper is structured as follows. We start with surveying the dyadic model
in Section Bl In Section [3] we introduce a functional setting and define weak and
strong solutions. In Section [ we derive some a priori estimates and prove the
existence of weak solutions to the dyadic model. This is done by taking a limit of
the Galerkin approximation, which also results in the energy inequality for a limit
solution (which might not be unique) for almost all time. Then we show that the
lack of backward energy transfer implies that every weak solution with nonnegative
initial data satisfies the energy inequality starting from any time. Finally, using
a classical NSE technique, we show a local regularity for @ > 1/3 and a global
regularity for oo > 1/2.

In Section [B] inverting the Sobolev-type estimates, we prove that every solution
with large H¢-norm blows up in finite time in the H'/3+¢-norm, ¢ > 0. Here,
the H7-norm is defined as ||ull, = (32 A*'™u2)'/2. Note that we also use such a
technique in [4], where we study a similar model that has coefficients growing as
power functions. That model is introduced as an example of an NSE-like dynamical
system that possesses a weak global attractor, on which all the solutions blow up
in finite time. The reason for the power-law growth for the coefficients is to mimic
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BLOW-UP FOR THE DYADIC MODEL 5103

the growth of eigenvalues of the Stokes operator in 3D. It is remarkable that due
to a slower growth of the coeflicients, the model in [4] still possesses a gap between
the regions of a local regularity and finite time blow-up.

Lastly, in Section Bl we discuss a weak global attractor for the dyadic model. The
weak global attractor is the minimal weakly closed weakly attracting set. Using
results from [3| 4], we show that the weak global attractor is also the maximal
bounded invariant set. Moreover, for o > 1/2 all the trajectories are continuous in
12, which implies that the weak global attractor is in fact a strongly compact strong
global attractor.

Note that there is still a gap between the regions of global regularity and blow-up
in finite time, which means that the developed technique is not sharp enough to
separate these two behaviors. Since most of the proofs in the theory of the Navier-
Stokes equations go through for the dyadic model, a better understanding of the
dyadic or similar shell models might provide insight into the regularity problem for
the Navier-Stokes equations.

2. DYADIC MODEL

Here we recall a derivation of the dyadic model for the equations of fluid motion
by Katz and Pavlovi¢ [14]. A cube Q C R? is called dyadic if its side length is 2!,
and the corners are on the lattice 2!Z3, for some integer [. For a dyadic cube Q
with side length 277, its parent Q is a unique dyadic cube with side length 2-7+1
that contains Q. For m > 1, let C™(Q) be the set of all mth order grandchildren
of Q, i.e., all the dyadic cubes with side length 277~ that are contained in Q. For
instance, C''(Q) consists of 2% children of Q.

Now a scalar-valued function u(x,t) can be represented by the following wavelet
expansion:

u(a,t) = Y ug(wg(a),
Q

where {wg} is an orthonormal in L?(R) family of wavelets, such that wg is localized
on . Define the Laplacian in the following way:

Au =Y "2 QDug(twg(),
Q

where 277(@) is a side length of a dyadic cube Q. Katz and Pavlovi¢ define the
cascade operator as follows:

j 5(j+1)
(Cu,v))g = 72%1@1}@ +27 uQ Z Vo,
Q'ECH(Q)
where @ is a dyadic cube with side length 277. The dyadic Navier-Stokes equation
with hypo-dissipation is written as

%u + C(u,u) + v(A)%u =0,

where we include the viscosity v, which is chosen to be one in [I4]. In terms of the
wavelet coefficients uq, this equation can be written as

d uQ Z uQ: (t).

Tua(t) = —v2*ug(t) + 27 w2 (t) — 2
Q' eCH(Q)

5(+1)
2

Q
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5104 ALEXEY CHESKIDOV

As was proposed in [21] in the case v = 0, we simplify the model in the following
way. Let Q1 be a dyadic cube with side length 27!, Let vi(t) = ug,(t) and
v;(t) = uq,(t), where Q; is some dyadic cube in CiI7YQ1), j > 2. We will only
consider the initial conditions for which ug(tg) = v;(to) for all cubes Q@ € C7~1(Q1)
for j > 2, and ug(tp) = 0 for all dyadic cubes with side length larger than 271.
Then, for every j > 2, we have ug(t) = v;(t) for all Q € C77(Q1). Now, denoting
vo = 0, we obtain the following system of equations for v;(¢):

d . . .
%vj(t) = —v2%y(t) + 25731)]2-_1 - 2325(];1)vjvj+1, j>1.

Finally, the change of variables
uj(t) = 27 v;(t/8)

reduces the equations to

d , A ,
%uj = 71722ajuj + QJU?_l — 2J+1Ujuj+1; Jjz1

with 7 = v/8.

3. FUNCTIONAL SETTING

Let us denote H = [? with the usual scalar product and norm:

(u,v) := Zunvn, lu] == v/ (u, u).
n=1

The norm |u| will be called the energy norm. Let A : D(A) — H be the Laplace
operator defined by

(Auw),, = pT n>1,

for some A > 1. The domain D(A) of this operator is a dense subset of H. Note
that A is a positive definite operator whose eigenvalues are

0 < N2 < Mo < N0 <

Let HY = A=/ H be endowed with the following scalar product and norm:

oo

() = S N ugve, Jlully = /()

n=1
In the special case v = o, let V = H* = A~Y/2H and

((w,0)) i= ((w,0))as  ull := [lulla-

This double norm |Ju|| will be called the enstrophy norm. Note that we have an
equivalent of the Poincaré inequality

1
ul? < sga el
Also, let
ds(u,v) = |Ju —v| d (uv)'*i 1 [tn = vl u,v € H
S LT ) T fuy — | T
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Here, d; is a strong distance, and d, is a weak distance that induces a weak topology
on any bounded subset of H. Hence, a bounded sequence {u*} C H converges to
u € H weakly, i.e.,

lim (u®,v) = (u,v), Yv € H,

k—o0
if and only if
dy(uf,u) =0 as k — oo.

We also recall that if u¥ — u weakly in H as k — oo, then
liminf|uk| > |ul.
k—o0
Let
C([0,T); Hy) :={u(:) : [0,T] — H,un(t) is continuous for all n}

be endowed with the distance

dC([O,T];HW)(U’av): sup dw(u’(t)vv(t))
t€[0,T

Also, let
C(]0,00); Hy,) := {u(:) : [0,00) — H,u,(t) is continuous for all n}

be endowed with the distance

Zl sup{dy (u(t),v(t)) : 0 <t < T}

de((0,00);Hy) (U, V) = 27 1 + sup{dy (v () v(t):0<t< T}

TeN

In this paper, the dyadic model of the Navier-Stokes equations will be written

as
d 2an n, 2 n+1

(3.1) Eun—FV/\ Up — AUy + AT U U1 = G, n=123...
Ug = Oa

for some parameter A\ > 1, the viscosity v > 0, the dissipation degree a > 0, and
the force g = (g1, 92,...). For simplicity, assume that g is independent of time,
g € H, and g, > 0 for all n.

For u = (uq,us,...), the dyadic model can be written in a more condensed form

as
d

(3.2) Eu—l—vAu—FB(u u) =g,

where

_ =AUy 1V 1 + )\n+1unvn+la n=23,...
(B(u, v))n = { A2uqvs, n=1.

Clearly, the bilinear operator B enjoys the orthogonality property:

M

B(u,v),v AUy Uy 1Up + N T 01U
+

3
Il
—

M

n n
(_)\ Up—1VUn—1Vn + A unflfvnvnfl)
1

3
Il

e

Note that we always use a convention that ug = 0.
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5106 ALEXEY CHESKIDOV

Definition 3.1. A weak solution on [T, 00) (or (—oo,00), if T'= —o0) of B is
an H-valued function u(t) defined for ¢ € [T, 00), such that u, € C([T,00)) and
un, (t) satisfies BJ) for all n.

Note that since (B(u,u)), has a finite number of terms, the notions of a weak
solution and a classical solution (of a system of ODEs) coincide. Hence, the weak
solutions will often be called solutions in the remainder of the paper. Note that
if u(t) is a solution on [T, 00), then automatically u, € C®([T,c0)). We say that
a solution u(t) is strong (or regular) on some interval [T, To] if ||u(t)]| is bounded
on [Ty, T»]. A solution is strong on [T}, 00) if it is strong on every interval [T, Tb],
T, > T.

Definition 3.2. A Leray-Hopf solution of [Bl) on the interval [T, 00) is a weak
solution of B1) on [T, c0) satisfying the energy inequality

(3.3) u()? + 20 / lu(m) |12 dr < Ju(to)]? +2 / (g, u(r)) dr

to
for all T < ty < t, tp a.e. in [T,00). The set Ex on which the energy inequality
does not hold will be called the exceptional set.

Note that the complement of the exceptional set Fx coincides with the set of
points of strong continuity from the right. Later we will prove that every solution
u(t) with u,(T) > 0 is a Leray-Hopf solution on [T,00), and that the energy
inequality for such a solution is satisfied starting from any time tq > T, i.e., Ex = ().

4. A PRIORI ESTIMATES AND EXISTENCE OF WEAK AND STRONG SOLUTIONS

We start with some a priori estimates.
Energy estimates. Formally taking a scalar product of the equation [B.1]) with
u, we obtain

1d
5 e lul? < —vllul® + Jgllu
v lg/?
< 2+ Y2 2 9°
< —vluf + el + L
_ Vi \9|2
=gl
Using Gronwall’s inequality, we conclude that
2
(4.1) w® < e () + L1 - evt).
v

Hence, B = {u € H : |u| < R} is an absorbing ball for the Leray-Hopf solutions,
where R is any number larger than |g|/v. Note that this result will later follow
rigorously from the energy inequality.

Next, taking a limit of the Galerkin approximation, we will prove the existence
of Leray-Hopf solutions to ([B.1).

Theorem 4.1. For every u® € H and g € H, there exists a solution u(t) of ([B.1)

with u(0) = u®. Moreover, the energy inequality

u(t)? + 20 / lu(m) |2 dr < Ju(to)]? +2 / (g, u(r)) dr

to

holds for all 0 <ty <t, tg a.e. in [0,00).
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Proof. Let u® € H. We will show the existence of a weak solution by taking a limit
of the Galerkin approximation u”*(t) = (u§(¢),...,uf(t),0,0,...) with u?(0) = u?
for n =1,2,..., k, which satisfies

d

%u’fb 2 i T N TN e e TS VILE n<k-1,
(4.2)

Uk N = W) = g,

where uf = 0. First, note that the energy estimate () obviously holds for u”(t).
Hence, from the theory of ordinary differential equations we know that there exists
a unique solution u*(¢) to @2) on [0,00). Next, we will show that a sequence of
the Galerkin approximations {u*} is weakly equicontinuous. Indeed, thanks to the
energy estimate (&1I]), there exists M such that

uf (t) < M, Vn, k,t > 0.

Therefore,

t
[k (8) — uk (s)] < / (—pAZomt Xk )2 AR g ) dr

< (WA M 4 XN"ME 4+ XM 4 gt — s,

for all n, k, t > 0, s > 0. Thus,

- uk (t) —uk(s
A (1), () = 3 = [un(t) =y (5)]

i 207 T g (f) — uii(s)]
<clt—s|,

for some constant ¢ independent of k. Hence, {u*} is an equicontinuous sequence
of functions in C(]0,00); Hy,) with bounded initial data. Therefore, the Ascoli-
Arzela theorem implies that {u*} is relatively compact in C([0,T]; Hy) for every
T > 0. By a diagonalization process it follows that {u*} is relatively compact
in C([0,00); Hy). Hence, passing to a subsequence, we obtain that there exists a
weakly continuous H-valued function u(t) such that

(4.3) uki — as kj — o0 in C([0,00); Hy).

In particular, uy’ (t) — un(t) as kj — oo, for all n,t > 0. Thus, u(0) = u’.

addition, note that

In

t
uki (t) = ki (0) —|—/ (—vAZomyfi 4 )x"(uij_l)2 - )\"Huﬁjuiﬂrl + gn) dr,
0
for n < k; — 1. Taking the limit as k; — oo, we obtain
t
Un(t) = un(0) + / (=2, + /\"ui_l — A" YUyt + gn) dT.
0

Since u,(t) is continuous, it follows that u, € C1([0,00)) and satisfies (B.1]).
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5108 ALEXEY CHESKIDOV

It remains to prove that u(t) satisfies the energy inequality. Note that u*s(t)
satisfies the energy equality

t
b (1) + 2v/ 4 (DI dr = | () +2 [ (g 45(r)
to
for all t >ty > 0. Hence, the sequence {u*i} is bounded in L?([to,t]; V) for all
t > to > 0. This, together with (&3], implies that
/ | ( u(T)]2dr — 0, as k; — oo,

for all t > to > 0. In particular, |u* (t)| — |u(t)| as k; — oo a.e. in [0,00). Take
any to > 0 for which |u i (to)| — |u(to)| as k; — oo. For every N > 0, we have

t
WP 20 [ 3 A ()2 dr < b (t0)|2—|—2/( i (7)) dr.
to n<N to
Since u¥i (t) — u(t) weakly in H as k; — oo for all time ¢ > 0, we have that
t
)]* + 2v Z N2y ()2 dr < Ju(to)]? + 2/ (g,u(T)) dr.
to n<N to

Finally, taking the limit as N — oo and using Levi’s theorem, we obtain

t t
[u(t)? +2V/ lu(r)II* dr < Ju(to)|* + 2/ (g, u(7)) dr,
to to
for all 0 <ty < t, tp a.e. in [0, 00). O
Note that this was a classical proof from the theory of NSE. Using the fact that
there is no backward energy transfer, we can actually show that every solution with

1, (0) > 0 is a Leray-Hopf solution and, moreover, is continuous from the right in
H for all time.

Theorem 4.2. Let u(t) be a solution of (Il with u,(0) > 0. Then u,(t) >0 for
all t > 0, and u(t) satisfies the energy inequality

a0 O [ R < o +2 [ )

to

for all 0 <ty <t.

Proof. A general solution for w,(t) can be written as
t
(45) unlt) = wn(O)exp (= [ oA 42 (7))
0

¢ ¢
+/ exp <—/ vAZOm Ny () dT) (gn + A"u2_,(s)) ds.
0 s

Recall that g, > 0 for all n. Since u,(0) > 0 for all n, then w,(t) > 0 for all n,
t > 0. Hence, multiplying (31]) by u,, taking a sum from 1 to N, and integrating
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between tg and t, we obtain

N N ¢ N
Z wp ()% — Z un (to)? + 21// Z \2ony, (1) dr

to p=1

- /)\N+IUNUN+1dT+2/ ZgnundT
to p=1
<2/ ZgnundT

to p=1

Taking the limit as N — oo, we obtain ([@J). O

Enstrophy estimates. We obtain the following estimate for the nonlinear term:

(B, Au)| = |32 [N — 3] sz

n=1

S
— ()\Oz _ )\—a) Z )\(a+l)nui)\a(n+l)un+l

n=1

(o)
< ¢p(max A" uy,|) Z Alating2

n=1

< eplfull Yo ATV

n=1
where ¢, = A% — A™%* > 0. When « € [1/3, 1], Holder’s inequality implies
[(B(u,u), Auw)| < cp|ul||Au|"/ o1 AV 21/
s 1 el

Choosing u to have only two consecutive nonzero terms, it is easy to check that
these estimates are sharp. Moreover, when a = 2/5, we have

|(B(U’7u)7 Au)‘ < cb|Au|3/2”uH3/2’

which is the same as the Sobolev estimate for the inertial term of the 3D NSE (see,
g., [6, 20]). Therefore, taking a scalar product of the equation (BI]) with Au and

using Young’s inequality, we obtain
1d

2
5ol <

—v|Aul* + cblAU\?’/zII’LLH?’/2 + (9, AU)

36¢
283

v
—v|Aul? + —|Au|2 +

IN

6 2 v 2
+ = Au

— 2 6 2
___|A | 28 3”“‘” l/|g| ’

a Riccati-type inequality for ||u||?. Hence, the model has the same enstrophy es-
timate as the 3D NSE, similar properties, and the same open question concerning
the regularity of the solutions in the case o = 2/5.

Another interesting case is & = 1/3. Then we have

(4.6) |(B(u,w), Au)| < en|Auf?[lul],

which corresponds to the 4D Navier-Stokes equations.
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5110 ALEXEY CHESKIDOV

Now consider the case where o > 1/3. Formally, we have

Ld

2
5l

N

—v|Auf® + vl Au |7 + (g, Au)

IN

v a-2 3 v
—v|Aul? + §|Au|2 +offuf 3T + E|g\2 + g\Au|2

v 8a—2 3
—— A 2 3a—1 ~1gl?
2 A + ellul 355+ ZgP,

for some constant ¢ > 0. This means that if the initial data is in V/, then u(t) re-
mains bounded in V for some time 7. Applying the above estimate to the Galerkin
approximation and taking a limit, we immediately obtain the following local regu-
larity result.

Theorem 4.3. If a > 1/3, then for any u’ € V there exists a strong solution u(t)
to BI) on some time interval [0,T), T > 0 with u(0) = u°.

Finally, consider the case o > 1/2. In this case the enstrophy estimate implies
(B(u,u), Au) < cp|Aul|ul®.

Therefore, formally, we have

1d
Sl < —vlAuf? + ey |Aujul® + (g, Au)

v 3c? 3 v
<_A2 _A2 ““b 4 e 2 _A2
< —vlAu + Z|Aul + 22 ful + —lgf? + 2] Aul

3

v 3¢?
Y Al 2t - a2
2 Auf? + 2l + g

This is again a Riccati-type inequality. Assume that u(t) is a strong solution on
some interval (0,t*), and ||u(t)|| — +oc as t — t*—. Then

C
12 >
lu(®)[* > ramt

0<t<th

for some positive constant c. However, this means that |lu(t)|? is not locally in-
tegrable, which is in contradiction with the energy inequality. Hence, if the initial
data u® € V, then |[u(t)| is bounded on every interval [0, 7], T > 0, and we have
the following.

Theorem 4.4. If a > 1/2, then for any u® € V there exists a strong solution u(t)
to BI) on [0,00) with u(0) = u°.

5. BLOW-UP IN FINITE TIME

Let @ < 1/3 and v > 0. In this section we will prove that every solution u(t)
with large enough ||u(0)]|, blows up in finite time in the H'/*7 norm. The idea is
the following. Taking a scalar product of the equation with A7/ ®u, we obtain

1d

5%”“”’% e —I/Hu||2 + (B(u,u),AW/au) + (g,AW/au),

a+y
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In order to show a blow-up, we, in some sense, will invert the Sobolev estimates for
the nonlinear term. Note that

(B(u,u), A7 %) Z)\ 202 4

If u,, > 0 is monotonically decreasing in n, then

(B(u,u), A7) > Z AL+29ng3.

Obviously, this is not true in general. For example, if u,, = 0 for even n, then
(B(u,u), AY%u) = 0. However, we will prove that a similar estimate holds if we
use the following function instead of the H7-norm:

H(t) = Ju(t)2 + ¢ 37 A (1) (1),

for some constant ¢ > 0. More precisely, we will show that if ||ul/, is large enough,
then

H> _V||U||i+w + Z)\(sz)nui

(ST
Sl

_VHu”oHr'y + Hu”aJﬂ/
H3/2
provided that a < 1/3. We will start with the following estimate.

Lemma 5.1. If a < 1/3, then for any v € (0,1—3«) there exists a positive constant
A such that

Z A2 B > Al

n=1

Proof. Let € := 2 — 6a — 2y > 0. Note that A7 < 1. Let

IS —1/2
A(y) == (Z A—€"> =V -1

n=1

Hélder’s inequality with p = 3 and ¢ = 3/2 implies

‘u”a—&-’y Z )\2 a+y)n
o 1/3 / 2/3
S(D*“) (zwnm)
n=1 n=1

oo 2/3
— A2/3 (Z )\(1+2’Y)n|un|3> .

n=1

Hence,

Z/\(1+2’Y "y, |3 > A”uHaer

n=1

which concludes the proof. (I
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Lemma 5.2. Let u(t) be a solution to 1) and v > 0. Let [Ju(t)|| be continuous
on [0,00). Then the function

oo

(5.1) > A (Ut 11)(2)

n=1
is continuous on [0, 00).
Proof. Let v, (t) = A" (upu,41)(t). First, note that due to the Cauchy-Schwarz
inequality, the function (5.1I) is less than or equal to |[u(t)[|? and, consequently, is

bounded on every interval [a,b], 0 < a < b. Let tg > 0. Since [[u(t)|2 is continuous
at t = tg, it follows that

lim limsup Z A2 (1) = 0.
=N

N—oo ¢t

Therefore,

lim lim sup Z v (t) =0,

N—oo ¢t =N

which means that (5]) is continuous at ¢t = ty. Indeed, since vy, (¢) is continuous
for every n, we have

lim sup Z vp(t) — Z vn (o)
t=to n=1 n=1
N—-1 N-1 &S] oo
= lim limsup | Y vn(t) = > valto) + > va(t) = > va(to)| = 0.
N=oo t—to n=1 n=1 n=N n=N
Similarly, the continuity of (5I) from the right holds at t = 0. d

Now we proceed to our main result.

Theorem 5.3. Let u(t) be a solution to BI) with u,(0) >0 and o < 1/3. Then
for every v > 0, there exists a constant M (7y), such that ||U(t)||?/3+7 is not locally
integrable on [0, 00), provided ||u(0)|ly > M (7).

Proof. Since ||ully, < [Ju|ly, for 71 < 72, it is enough to prove the theorem in the
case 0 < v < min{1/3,1 — 3a}. Given such a ~, let u(t) be a solution to (BI) such

that Hu(t)Hi”/g_s_,y is integrable on [0, T for every T' > 0. We will show that ||u(0)]|,

is bounded from above by a constant dependent on ~.
Note that u,(t) > 0 for all n,t > 0 due to Theorem First, we obtain

T o© T oo
| e [T N ) dr

0 n=1 0 n=1

T/ oo 3/2
(5.2) <2 /O (Z Ag(l””"@ti) dr
n=1

T
<2 / la@®)I2 5., dr

< 00,
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for all T > 0. Thus,

SO @R, ) (@) and ST A, (1)
n=1 n=1

are locally integrable on [0, 00). In addition, since a < 1/3, we have

lu(®) 15 < Tu®I /514,

which implies that |u(¢ )||a+7 is locally integrable on [0, 00).
Now note that if u,, < 3usq1, then uyu?,; < 2ud ;. Otherwise, u,u? ; <
2u?u, 1. Hence,

(5.3) upul g < Lud 4+ 20wy, n € N.

This also implies that

l\.’)

1 1 2
UpUnt1Unt2 < FURULRLT + —un+1un+2

1 2

(5.4)
< FURUn+1 + un+2 + un+1un+2’

for all n € N.
From (B3I we obtain

E(UnUnJrl) — U()\Zom + )\2a(n+1))unun+1

n, 2 n+1 2
+ AUy qUpgr — AT U,

n+1_ 3 n+2
F AT U — AT U Uy 1 U2

+ InlUn+1 + Jn4+1Un-

This, together with inequalities (B.3]) and (B.4]), implies that

E(ununﬂ) +r(l+ Aza))\2a"unun+1

1,2 1 2,2 +2 2
+ 2\ Up Unt1 + 5)\714‘ UpUnt1 + A" Up41Un+2

Z )\n+1u§I _ lAnJrl 1 — 1)\n+2

n+ n+2

Multiplying this by A?7", taking a sum from 1 to oo, and integrating between 0 and

t, we get
Z A2 (Unun1)(t) — Z A2 (Unun+1)(0)
n=1 n=1
t oo
+ V(l + )\204)/ Z)\Z(a+’7)nunun+1 dr
¢t oo
(5.5) LA LA A / SN2y, dr
0 n=1

Y

()\_1/\ 2y 1)\ 4V/Z)\1+27)n3
é/ Z)\(1+2’Y)n 3
4 0 n=1

Y
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for all £ > 0. On the other hand, we have the following equality for the nonlinear

term:
o0 o0
—(B(u,u), AV%) = E A2, — E DA TR T

n=1 n=1
oo
Z 142 2

=cC )\( + 'Y)"unun+1’

n=1

where ¢; = A2t — X\ > 0. Now, multiplying 1) by A>"™u,, taking a sum from
1 to oo, and integrating between 0 and ¢, we obtain

56) (O~ WO+ 20 [ () ar
t OC
:201/ Z)\(1+27)"uiun+1 dT—|—2/ Z)\Q’Y”gnundﬂ
0

n=1 0 n=1

for t > 0. Note that the term with the force is integrable because v < 1/3. In
particular, ([B.6) yields that |lu(t)|]? is continuous on [0, cc). Denote

H(t) = [u()]l} +c2 D N1 (unttn 1) (1),

n=1

where ¢y = 2¢1/(2X + A?/2 + A1727). Thanks to Lemma[5.2] H(t) is continuous on
[0, 00). We will show that H(¢) is a Lyapunov function, i.e., H(t) is always increas-
ing. Moreover, we will see that H(t) blows up in finite time. Indeed, multiplying

B3 by ¢ and adding (G.6), we get

t t oo
H(t) ~ H(0) > ~2v / lu(T)I12 1 d7 — ves / SN2y, d
0

n=1
)\02/ Z)\(1+2'y)nu3 dr,

where c3 = (1+\2%)cy. Due to Lemma[5.1] there exists a constant A > 0 such that
oo
Z )\(1+2’Y)nu§l > A”uHiJr’y'

In addition, the Cauchy-Schwarz inequality implies

o0
Z)‘Q(wﬂ)nunurwl < Hu”i-s-fr

n=1

Therefore, we obtain

A)\C
(5.7)  H(t)—H(0) = —v(2+cs / [u(7) |24, dr 2 / [u(T) |24, dr
for ¢ > 0. Note that
lu(®)|2 < H(t) < (14 c2)|u@)]?.
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In particular,

H(t)
> _—
u(Ollat 2 | 7o
Let
8v(2+c3)V1+co
M = .
() Thes

Assume that H(r) > M? on [0,t] for some ¢ > 0. Then we have that ||u(7)|aty >
8v(2 + c3)/(AXc2) on [0,t] and, consequently, (B.7) yields

(5.8) H(t) — H(0) > c/ot H(r)3/%dr,

where ¢ = AXc2/8. Now assume that ||u(0)||, > M. Then H(0) > M? and (5.3)
holds for some small time ¢ > 0. Then (G.8) automatically holds for every ¢ > 0.

Note that (58] is a Riccati-type inequality. It is easy to see that H(t) blows up
in finite time. Indeed, let y(¢) be the solution to the Riccati equation

Y (1) = ey, y(0) = 3H(0).
Then for some t* > 0, we have that y(t) — co as t — t*—. Consider
w(t) = H(t) - y(t).

It is easy to check that the function w(t) satisfies the following integral inequality:

w(t) —w(0) > C/O w(r)3/? dr,

for all ¢ > 0, such that w(7) > 0 on [0, ¢]. Note that w(0) > 0 and w(¢) is continuous.
Thus, w(t) > 0 for all ¢ € [0, t*).

Now, since y(t) blows up in finite time, H(¢) also blows up in finite time, which
contradicts the fact that H(t) is continuous on [0, c0). Hence, [|u(0)]|, < M. O

6. GLOBAL ATTRACTOR

In Section M we showed that the dyadic model possesses an absorbing ball with
a radius R larger than |g|/v. Let X be a closed absorbing ball,

X :={ue€H:|u <R},

which is compact in the dy-metric. Then for any bounded set K C H, there exists
a time tg such that
u(ty e X, V>t
for every Leray-Hopf solution u(t) to (BI) with the initial data u(0) € K.
We recall the definition of an evolutionary system £ from [4] (see also [3]). Let

T:={I: I=[T,00) CR, or I =(—00,0)},

and for each I C 7 let F(I) denote the set of all X-valued functions on I. A map
€ that associates to each I € 7 a subset £(I) C F will be called an evolutionary
system if the following conditions are satisfied:

(1) £([0,00)) # 0.
E(T+s)={u(-): u(-—s) € &)} for all s € R.
{u()|n, : u(-) € E(I1)} C E(I3) for all pairs of I, Is € Q such that I C .
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Let

R(t)A := {u(t) : u(0) € A,u € £([0,0))},

R(H)A = {u(t) : u(0) € A,u € &((—o0,0))}, ACX, t>0.

For A C X and r > 0, denote Be(A,r) = {u: de(A,u) < r}, where ¢ = s, w.
Now we define an attracting set and a global attractor as follows.
Definition 6.1. A set A C X is a d,-attracting set (e = s,w) if it uniformly
attracts X in the de-metric; i.e., for any € > 0 there exists ¢y such that
R(t)X C Bo(4,¢), Yt > to.

A set A C X is invariant if é(t)A = Aforallt > 0. A set Ay C X is a de-global
attractor if A, is a minimal de-closed de-attracting set.

The following result was proved in [4]:

Theorem 6.2. The evolutionary system & always possesses a weak global attractor
Ay In addition, if £([0,00)) is compact in C([0,00); Hy,), then
(a) Ay = {u®: u® = u(0) for some u € E((—o0,0))},
(b) Ay is the maximal invariant set.
For the dyadic model, we define £ in the following way:
E([T,0)) := {u: u(-) is a Leray-Hopf solution on [T, c0)
and u(t) € X Vt € [T, 00)}, T e R,
E((00,0)) := {u : u(-) is a Leray-Hopf solution on (—o0, c0)
and u(t) € X Vt € (—o0,00)},
where X is the phase space defined in the beginning of the section. Clearly, £
satisfies properties (1)—(4). Then Theorem immediately yields that the weak

global attractor A,, exists. In order to infer that A, is the maximal invariant set,
we need the following result.

Lemma 6.3. £(]0,00)) is compact in C([0,00); Hy).
Proof. Take any sequence u* € £(]0,00)). First, note that
uk(t) <R, Vn, k,t > 0.
Therefore,
[uf (1) — uk (s)] < (WAZ"R + A"R* + \"T1R? 4 g,)|t — 5],
for all n, k, t > 0, s > 0. Thus,

oo

1 uk (t) —uk(s
00460 = 32 g ey <

n=1
for some constant ¢ independent of k. Hence, {u*} is an equicontinuous sequence
of functions in C(]0,00); Hy,) with bounded initial data. Therefore, the Ascoli-
Arzela theorem implies that {u*} is relatively compact in C([0,T]; Hy) for all T >
0. Using a diagonalization process, we obtain that {u*} is relatively compact in
C([0,00); Hy,). Hence, there exists a weakly continuous H-valued function u(t) on
[0, 00) such that

(6.1) uki — as kj — oo in C([0,00); Hy,),
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for some subsequence k;. In particular,

Ju(t)] < lim inf |ubi(t)| <R,  t>0,
j 00

ie., u(t) € X for all t > 0.
In addition, since u*i (¢) is a solution to (B.I)), we have

t
uy (¢) =UIZ"(0)+/O( AP A () = A bl 4 g,) dr

for all n. Taking the limit as k; — oo, we obtain
t
un(t) = un(O) + / (_VAzomun + /\nu%—l - )\n+1unun+1 + gn) dr,
0

for all n. Since u,(t) is continuous, u, € C1([0,00)) and satisfies ([B.1]).

In order to infer that u € £([0,00)), it remains to prove that u(t) satisfies the
energy inequality. Note that |u®i(t)| — |u(t)| as k; — oo a.e. in [0,00). Since
uki € £([0,00)), it satisfies the energy inequality starting from any #, that is not
in the exceptional set of measure zero. Let Ex be the union of the exceptional
sets for all u¥s. Note that Ez is of measure zero. Take any to ¢ Ex for which
[u¥i (to)| — |u(to)| as k;j — oo. Then

W O + 20 / 45 (DI dr < b @) +2 [ (g4 (r)

to
for all £ > ty. Hence,

|k (t) |2+2V/ Z AZeryki (02 dr < |ub (to)|2+2/t( uki (1)) dr.

to p< N to

Since u®i (t) — u(t) weakly in H as k; — oo for all time ¢ > 0, we have that

t
O 120 [ 3 X ()2 < |u(t0)|2—|—2/( Ju(r)) dr.
to n<N to
Finally, taking the limit as N — oo and using Levi’s convergence theorem, we
obtain
t t
Ju(t)|? +2V/ lu(r)I* d7 < Ju(to) +2/ (9, u(r)) dr,
to to
for all 0 < ty < t, tp a.e. in [0,00). Hence, u € £(]|0,00)), which concludes the
proof. (I

Now Theorem implies that the weak global attractor A,, is the maximal
invariant set that consists of the points that belong to complete trajectories, i.e.,
trajectories in £((00,00)). Moreover, using (L), one can show that u, > 0 for
every u € A,. Consider now the case a < 1/3. Tt is easy to show that for every

€ (0,1 — 3a), we can take g; large enough, so that for every solution u(t) and
every t > 0, we have |u(7)| > M () for some 7 € [t,t + 1]. Thanks to Theorem (.3
this means that A, is not bounded in H'/3+7. It is an open question whether A,
is bounded in V.

We will now proceed to study the question whether A,, is also a strong global
attractor.
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Theorem 6.4. Let « > 1/2. Then every Leray-Hopf solution u(t) of B.1) satisfies
the energy equality

t t
|u(t>\2+21f/ Ilu(r>||2df=lu<to>|2+2/(g7u<7>>dr, 0<ty<t.
to to

Proof. Let u(t) be a Leray-Hopf solution of ([B.I]). Thanks to the energy inequality
@E4), ||u(t)||? is locally integrable. Then we obtain

t o t 0o
/ZA”uiuanTg/ SN 4y, dr

to p=1 to p=1

t oo
<2 sup |u(s)] Zx\”uidT

sE€[to,t] to m1
t
< 2R/ lu(r)|? dr
to
< 00,
for 0 <ty < t. Hence,
t
/ N 24, 0 dr — 0, as n — 0.
to

Multiplying (3 by w,,, taking a sum from 1 to N, and integrating between t¢ and
t, we obtain

N N ¢ N
un () — Z un (to)? + 2V/ Z \2my (1) dr
n=1 n=1 to p=1
t t N
=2 )\NHU?\,uNH dT—|—2/ Zgnun.
to to ne1

Finally, taking the limit as N — oo, we arrive at

lu(t)|* + 21//t u(T)||? dr = |u(to)]* + 2/ (g,u(7))dr, 0<ty<t.

to

O

In [] it was proved that the asymptotic compactness of the dynamical system &
implies that the strong global attractor A exists, is strongly compact, and coincides
with Ay,. In the case where the evolutionary system consists of the Leray-Hopf weak
solutions to the 3D NSE, the continuity of the complete trajectories, i.e. trajectories
on A, implies the asymptotic compactness of £ (see also [I] and [19] for similar
results). In [3] this result was proved for an abstract evolutionary system satisfying
the energy inequality. It immediately implies the following.

Corollary 6.5. Let @ > 1/2. Then A, is a strongly compact strong global attrac-
tor.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



BLOW-UP FOR THE DYADIC MODEL 5119

Note that if & > 1/2, then, thanks to Theorem [£4] for every initial datum in
H there exists a regular solution on [0, 00). Moreover, it can be shown that such
a solution is unique in the class of all Leray-Hopf solutions. Hence, Corollary
can also be obtained using a classical theory of semiflows. It is an open question
whether the continuity of the complete trajectories and, consequently, the existence
of the strong compact global attractor holds for o < 1/2.
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