ANOMALOUS DISSIPATION FOR THE FORCED 3D NAVIER-STOKES
EQUATIONS

ELIA BRUE, CAMILLO DE LELLIS

ABSTRACT. In this paper, we consider the forced incompressible Navier-Stokes equations with
vanishing viscosity on the three-dimensional torus. We show that there are (classical) solutions
for which the dissipation rate of the kinetic energy is bounded away from zero, uniformly in the
viscosity parameter, while the body forces are uniformly bounded in some reasonable regularity
class.
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1. INTRODUCTION

In this paper we study the vanishing viscosity limit for the incompressible 3d Navier-Stokes
system namely we consider solutions u” : T3 x [0, 1] — R? of the system

o’ +u” - Vu’ + Vp” = vAu’ + ¥, on T3 x [0,1]
divu” =0, (NS)
u’(-,0) = ug .
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In particular v > 0 is the viscosity, u” is the velocity of the fluid, p” : T® x [0,1] — R is the
pressure, and f” : T3 x [0, 1] — R3 is an external body force. We deal with classical solutions,
hence u”, p” and f” will be assumed to be smooth throughout the paper and we also assume
that the initial data u§ satisfy a uniform L? bound (in other words the total kinetic energy at
the initial time is bounded).
Since u” is divergence free, it is immediate to see that the kinetic energy decay is governed by
G I GOl = v IV Ol + [ @t w0 de. (1)
T3
The first term appearing on the right-hand side is the total work of the force f*, while the
second term is the energy dissipation rate due to the viscosity of the fluid.
A fundamental postulate of Kolmogorov’s 1941 theory of fully developed turbulence [K1, K2,
K3, called the zeroth law of turbulence, is that the anomalous dissipation of the kinetic energy
holds, namely the inequality

T
limi(?fu/ IV (-, )22 ds > 0 (1.2)
vV— 0

is valid for finite times 7', even when the force f” excites only a finite number of Fourier
modes and the sequence of initial data u; does not introduce itself microscopic scales. These
two assumptions can be described loosely as a uniform regularity of the forces f” (uniform
in the parameter ) and the absence of strong oscillations in the sequence ug (for instance
precompactness of {u§}, in the strong topology of L?(T?)).

Observe indeed that, if the sequence f” becomes very irregular as v | 0, or if u§ converges
weakly but not strongly in L2, then even solutions of the linear Stokes equations (i.e. the system
obtained by dropping the nonlinear term in the first equation of (NS)) would exhibit (1.2) (see
Example 1.1). Instead, Kolmogorov’s theory postulates that the creation of infinitely many
scales and the cascade of energy through them is due to the quadratic nonlinearity (u” - V)u.

Example 1.1. Let v, := 1/m?, for any m € N. The Cauchy problem

{@“Vm “rmAUT =0 e T x [0,1] (1.3)
u’m(z,0) = e™m*
has a unique explicit solution
u(z,t) = e tmPvm gima — o~teima (1.4)
which exhibits anomalous dissipation
Vi /1 V'™ |2: ds = v,,m? /1 e 2 >1/9. (1.5)
0 0

Notice that u"™(-,0) — 0 weakly in L.
A similar argument proves anomalous dissipation for the forced heat equation

ou" — v, Aum = frm (1.6)
with u(x,0) =0 and f'(x) = ™.

The zeroth law of turbulence is verified experimentally to an enormous degree KIYIU,
PKW, S98], see also the recent review [V15], but to date, there are no known examples where
it is rigorously proved in the framework described above. In experiments and simulations
[KIYIU, PKW, S98, V15| the force term is assumed to be injecting energy at low frequencies,
meaning that f” is concentrated in frequency on a certain ball {k € Z? : |k| < A}, uniformly in
the viscosity parameter v.

Note however that, under the latter assumption, unless a certain amount of “irregularity”
is introduced at the level of the initial data uf, (1.2) can only hold if 7" is larger than the
first blow-up time of some suitable classical solution of the incompressible Euler equations.
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Indeed, assume that f” and u{ enjoy uniform bounds in some space of smooth functions and
hence converge, up to subsequences, to some sufficiently smooth ug, f. By classical results,
for some nontrivial finite interval [0, 7p] there is a unique sufficiently smooth solution of the
incompressible Euler (for instance this holds for any space which embeds in C** for some a > 0,
cf. [MB]). It is then relatively simple to show that u” converges strongly in C([0, T]; L*(T?)) to
up as long as on the interval [0, 7| the solution ug stays Lipschitz. From this strong convergence,
it is then elementary to infer that (1.2) cannot hold (for the reader’s convenience we include an
elementary and short proof of these facts in the Appendix A).

The general principle is that the existence of a sufficiently regular solution of the incompressible
Euler ensures the strong convergence to it of any “reasonable” regularization of Euler and in
particular of Leray solutions of Navier-Stokes (see for instance the work [BDS] for a precise
formulation of this principle in rather general terms). In particular, proving (1.2) for sequences
ug and f which satisfy good uniform bounds would settle, as a corollary, the blow-up problem
of incompressible Euler for force and initial data in a corresponding space of functions (on the
negative). To date, the remarkable recent work of Elgindi [E] is the only example of finite-time
blow-up (in R3) in a space of functions for which there is local well-posedness of classical solutions
of the incompressible Euler equations (C for some positive exponent o). The problem of
blow-up of classical solutions of Euler for more regular initial data and force (e.g. C?) is still
widely open.

Having established that (1.2) can only occur if a certain amount of regularity is lost in the
vanishing viscosity limit, in this note we focus our attention on sequences of solutions for which
the initial data uf enjoys the best possible bounds, i.e. it is fixed and smooth, while some (but as
little as possible) irregularity is produced by the forcing terms f. Given that C* is a borderline
regularity for local well-posedness of Euler, the above discussions suggest to investigate what
happens if we assume the bounds

sup || f" lcqog,co(r3yy < oo for all @ € (0,1), (1.7)
or the bounds
sup ||f”’" ||C([071];W1,p(']1‘3)) < oo forall p< oo, (1.8)

for some sequence v, | 0.

The first main theorem of this note states that, under the assumption (1.7) it is possible to
rigorously show the occurrence of anomalous dissipation. The precise statement is given in the
following theorem.

Theorem 1.2. There exist vy, | 0, f'» € C(T? x [0,1]) and ug™ = ug € C*°(T?) such that
(1.7) holds and for which there is a unique smooth solution u'™ € C°°(T? x [0,1]) to (NS) with

1
lim inf I/m/ |Vu (z,t)|*dzdt > 0. (1.9)
m—0o0 0 TS

Moreover, sup,, ||u"™ || Lo (3 x[0,1]) < 0©-

A closer inspection of the proof of Theorem 1.2 shows that sup,, ||u"" ||k rsxjo) < oo for any
t <1 and k € N. On the other hand, any fractional Sobolev norm ||u""(-,1)||s, s > 0, blows
up as v, — 0. In particular, the Euler solution obtained as zero viscosity blows up at time
t=1.

It is worth stressing that (1.7) (the weaker of the two) is strong enough to rule out the
occurrence of anomalous dissipation when we drop the nonlinear term from (NS). More precisely,
if we consider the linear Stokes equations with a fixed smooth initial data uy and a family of
forces [, we can use the Stokes semigroup P} to represent the solution as

u (2, 1) = Plug(a) + / PY () (a) ds (1.10)
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and hence derive the uniform bound
1
V/ IVu” (-, s)l172 ds < || VuollF s o)y + v C@) 7 1Zqoaponmey = O@*) . (1.11)
0

If we approach the threshold C! on the Sobolev side, we cannot show (1.2) but we can prove
a rather strong form of enhanced dissipation.

Theorem 1.3. There exist v,, | 0, f*m € C=(T3 x [0,1]), and u§™ = ug € C°(T?) such that
(1.8) holds and for which there is a unique smooth solution v’ € C*(T3 x [0,1]) with the
property that

1
- / / IV (2, )2 dedt > Cexp{—1og23(1/vm)} | (1.12)
0 T3

for some constant C' independent of m. Moreover, sup,, ||u”™

Lee(T3x[0,1]) < OC.

Note in particular that, in the latter case, the energy dissipation rate per unit mass decreases
slower than any power law, namely for any 6 > 0 there is C' = C(f) such that

1
v / Va2, )P dedt > OV (1.13)
0 T3

In the next section, we discuss related open problems and possible lines of research, while
in section 3 we outline the main ideas of the arguments which take advantage of results and
techniques from the previous works [ACM16, DEIJ19, JY21].
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2. FURTHER COMMENTS

Theorems 1.2 and 1.3 raise a series of interesting questions.

Question 2.1. Is it possible to make the sequence f“" independent of the viscosity parameter
V!

In the latter case we mean that f* would be equal to a single f € N,.; C“: for finite positive
viscosity v, > 0 we could then expect to have C* solutions, a degree of regularity which is
enough to consider the solutions “classical”, given the regularity theory for the incompressible
Navier-Stokes in three dimensions.

Question 2.2. Is it possible to make the sequence of forces f“" independent of time?

The above questions are interesting even in higher space dimensions. In fact we suspect that

a positive answer to Question 2.1 on T® would give a positive answer to Question 2.2 on T*.
As it will be clear from the arguments in the next sections, the solutions u*™ provided by the
proofs in Theorem 1.2 and Theorem 1.3 converge both to very regular solutions of incompressible
Euler with a smooth limiting force f on the open interval [0,1). More precisely in the case of
Theorem 1.2 there exists u € C(T3 x [0,1)) N L>=(T? x [0, 1]), solution to the forced Euler

equations

ou+u-Vu+Vp=f,
{ divu =0 (2.1)

such that "™ — u weakly in L?(T? x [0,1]), as m — oo. Up to subsequences we can always
assume the strong convergence f*~ — f in C([0, 1]; C*(T?)) for all € (0,1). The anomalous
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dissipation proved in Theorem 1.2, and the energy balance (1.1), imply that u violates the
energy equality at time ¢ = 1:

oDl < -0+ [ [ 1(05)u(e.s) dods. 22

However, the energy equality is satisfied for all smaller times. In particular there is a “sudden
drop” in the kinetic energy at time ¢ = 1. For this reason, it is natural to ask the following
question.

Question 2.3. Is it possible to produce a sequence u* as in Theorem 1.2 which converges to a
weak solution u of the forced Euler equation (2.1) for which ¢ — ||u(-,t)||2 is continuous on
[0,1] and

lu(-, D22 < |lu(-,0)]2 —I—/O /1r3 f(z,s) - u(x,s) deds. (2.3)

We remark in passing that for the example given in our proof of Theorem 1.3, the convergence
u’m — u is strong in LP(T3) for any p < oo, while u € C*°(T? x [0,1)) N L>(T? x [0, 1]), and
moreover it is possible to show that the limiting v does satisfy the energy balance

t
a0l = 1Ol + [ [ @9 (o) dras (24)
for any time ¢, including ¢ = 1.

Coming back to the anomalous dissipation, it is tempting to introduce an analog of the famous
Onsager conjecture, cf. [O], proved by Isett in [I], for the forced Euler equations. First of all it
is not difficult to see that the proof given in [CET] by Constantin, E, and Titi of the positive
part of the Onsager conjecture implies in fact that the conservation of energy

a0l = a0l + [ [ Fe.5)-utas) dods 25)

holds for weak solutions of (2.1) under the assumptions that
(a) u € LP([0,1]; C*) for some a > 3 and some p > 3;
(b) f € L¥([0,1];C~)! for the dual exponent p' = 21,

p
On the other hand, such a weak assumption as (b) is not compatible with the energy class
u € L>([0,1]; L*(T?)). A natural replacement would be f € L([0, 1]; L%(T?)).

The Onsager conjecture has been proved using “convex integration” techniques (introduced
in the context in [DS1, DS2|) and it is clear that most of the dissipative solutions produced
by these methods cannot arise as vanishing viscosity limits of Leray solutions of Navier-Stokes
(the remarkable paper [BV] shows however that in a vast majority of cases they are vanishing
viscosity limits of weak (or Oseen) solutions of Navier-Stokes). Even showing that some solution
produced by convex integration is the limit of a classical vanishing viscosity approximation is a
widely open problem. Producing examples for the forced Euler and Navier-Stokes which validate
the Onsager threshold might be a more tractable problem.

. eps 1 . .
Question 2.4. Let o be any positive number smaller than ;. Is it possible to produce a

sequence vy, | 0 and two sequences u*™ and f*" of smooth solutions of (NS) with the following
properties:

(1) sup,, [[u"™||L3(o13;00) < 00;

(2) sup,,, || f*" || L1+ (o13;05) < 00, for some € > 0;

(3) (1.2) holds.

'Here we denote by C'~(T3) the linear space of distributions 7' which is the dual of C*(T?), i.e. those
distributions 7' which satisfy the linear inequality |T'(¢)| < C||¢||« for any test ¢ € C°°(T?3). Given the latter
estimate the action of such distribution can be extended in a unique way to any test ¢ € C%(T?). By a slight
abuse of notation we keep writing [ T'¢ instead of T'(¢).
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Given the uniform estimates (1) and (2) it is a simple exercise to show that, up to subsequences,
u’™ and fY would then converge to a pair u and f solving (2.1) in the sense of distributions. If
o > 1, an argument analogous to the one presented in [DE19] shows that v~ does not display
anomalous dissipation.

Under assumption (2) complemented with f*» — fin L'*<([0, 1]; C¢(T?)) and sup,), ||ug™||c- <
00, it is possible to see that the corresponding solutions to the linear Stokes equations do not
exhibit anomalous dissipation. Indeed, Duhamel’s identity gives a uniform C([0, 1]; C¢(T3))
bound on the solutions "™, an Aubin-Lions’ type lemma gives the strong convergence of the
latter in C([0, 1]; L2(T?)) to a solution u € C([0, 1]; L?(T?3)) satisfying the energy equality

(-, )]|22 = ||luol22 +/0 /f(:c,s) ~u(z, s)drds. (2.6)

3. STRATEGY OF THE PROOF

Our construction is achieved in the framework of (2+ 3)-dimensional flows, where the evolution
reduces to a 2d-NS system coupled with a scalar advection-diffusion equation. This framework
has already been considered in the study of anomalous dissipation by Jeong and Yoneda in
[JY21, JY22].

3.1. The (2 + 3)-dimensional flow. We consider (u”, p”, f*), solutions to (NS) admitting the
following structure:

u’(x,t) = (v"(x1, z2,t), 0" (21, 22, 1))
p’(w,t) = (¢" (21, 72,1),0) (3.1)
[ (. t) = (¢" (21, 22, 1), 0)

where (11, 79, 23) = x € T3, v”, g : T? x [0, 1] — R? are vector fields, and ¢”,¢” : T2 x [0,1] — R

are scalars. It turns out that the structure (3.1) is conserved along the (NS) evolution, hence
we have the system:

oY +v” - Vo' + V" = vAvY + ¢g¥
dive” =0 ((2+ 1)-NS)
00" +v” - VO = vA9” .
As for the initial conditions, they will be r-independent and therefore we will set them to be
vY(x1, 22,0) = vo(z1, 22) (3.2)
0" (x1, x2,0) = Op(x1, x2) , (3.3)
where 6y and v, are, respectively, a smooth scalar function and a smooth 2-dimensional vector

field on T2.
We will now state more precise versions of Theorem 1.2 and Theorem 1.3.

Theorem 3.1. There ezist a sequence vy, | 0, g'™ € C(T? x [0,1]), and vy, 0y € C>(T?)
satisfying the following properties:
(1) There eists g € Nae(o,1) C([0,1]; C*(T?)), such that g" — g in C([0, 1]; C*(T?)) for
any a € (0,1).
(2) The smooth solution v'™,0™ € C~(T? x [0,1]) to ((2+ 1)-NS) displays anomalous
dissipation, i.e.

1
lim inf l/m/ / (V6" (x,t)|*dzdt > 0. (3.4)
m—0o0 0 TQ

We are able to show that the velocity fields v*™ enjoys the same regularity of the body
force g“m. More precisely, v'» € C(]0,1], C%(T?)) for any o € (0,1), uniformly in m. In
particular, in the vanishing viscosity limit v, | 0, the (2 + %)-structure is preserved and
u(z,t) = (v(z1, 22,1t), 0(21, 22, t)), where v € C([0, 1], C*(T?)), and 6 € L>(T? x [0,1]).
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Theorem 3.2. There exist a sequence v, | 0, ¢'» € C*(T? x [0,1]), and vg,0p € C>(T?)
satisfying the following properties:
(1) There ezists g € Np<oo C([0, 1]; WHP(T?)), such that g" — g in C([0, 1]; W'P(T?)) for
any p < 00.
(2) The smooth solution v, 0™ € C*°(T? x [0,1]) to ((2+ 3)-NS) satisfies

1
Vm/ / (VO™ (z,t)[2de dt > Cexp{—1log?3(1/vy)} for everym e N, (3.5)
0o J12
for some constant C' independent of m.

Remark 3.3. In fact, for the specific sequence constructed in the proof of the above theorem we
are able to prove that v“™ enjoys uniform in m bounds in the space C ([0, 1], W?(T?)) for any
p < 00, uniformly in m. In particular, v~ falls in the framework of the DiPerna-Lions theory
[DPL89, A04], excluding the possibility of anomalous dissipation. More precisely, following
[BN21, Theorem 0.4] we get that the energy dissipation rate per unit mass must decrease at a
logarithmic rate, namely for every p > 1 there is a constant C'(p) such that

1
v / V6" (2, )P de dt < C(p) log" (1) (3.6)
0 T2

The latter estimate shows that (3.5) cannot be meaningfully improved following our strategy.

3.2. Quasi-self-similar evolution. The key idea of proof of Theorem 3.1 and Theorem 3.2 is
to employ a quasi-self-similar evolution to produce, simultaneously, small scales in 6*™ and a
controlled body force g"™

Let us consider (V' (z,t),©(x,t)) solving the transport equation

00+V-Ve=0, inT?x[0,1], (3.7)

and assume that © satisfies
O(z,1) = 6(52,0), =< T2, (3.8)

Assume now for simplicity that we can find such a nontrivial pair V' and © which are both
smooth. This is in fact a very strong assumption, to date we are not aware of any nontrivial
pair V and © with the latter property. If it were possible to show their existence we could give a
purely self-similar evolution which enjoys stronger regularity properties (where the self-similarity
must be understood as a “discrete self-similarity”, cf. (3.9) - (3.10)).

In the actual proof we thus resort to a quasi-self-similar evolution in the actual construction,
while for the sake of this discussion we stick to the purely self-similar setting. Starting from
(V,©) we could build a rapid self-similar evolution as

1 1 t—t
7‘/ By, 3.9
1;) X[tn tn+1) 5n ntl — tn < tht1 — tn> ( )
Z Xltnstnt1) (5 t—t) (3.10)
n>0 i "

where ¢, = 1— (n+1)"2 and y 4 denotes the indicator function of the set A. The key observation
is that (v, 0) solves the transport equation and

O(x,t) ~ ©(5"x,0), whent € (tn,tnt1), (3.11)
hence, the transport evolution creates small scales very quickly: any Sobolev norm of 6 blows
up at time ¢ = 1. On the other hand, the velocity field v(z, t), when plugged into the non-linear
term of the Euler equations, produces a term of roughly the same size:

1 1 t—ty,
(V- Vo) (@, 8) = > Xtnitnsn)( (V-VV) <5%, > : (3.12)
5n ( n+1 = tn

n>0 +1 — tn)z
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This consideration suggests therefore the following construction. We first regularize v and 6 by
stopping the evolution to time ¢,, < 1, and mollifying the time variable. The resulting solution
to the transport equation (v™,6™) is smooth and close to (v, §) when m is big enough. We then
define v, < 1 such that v := v™, when plugged into the Euler equations, produces a force
term ¢ with roughly the same size of v™. We then solve the advection diffusion equation

R v AN
{@ +v vV 1% (313)

0™ (z,0) = O(z,0) € C=(T?),

and use that "™ ~ 0™ ~ 6 in certain regimes, hence the small scales of # can be used to produce
anomalous dissipation.

4. QUASI-SELF-SIMILAR EVOLUTION FOR PASSIVE SCALARS

In this section we describe the construction of a family of smooth quasi-self-similar solutions
to the transport equation, first obtained in [ACM16]. They are a smooth replacement of purely
self-similar evolutions, which share several structural properties with the latter. In the sequel
we will employ the quasi self-similar family to build two different solutions to the forced 2d
Navier-Stokes equation. The first one produces anomalous dissipation as in Theorem 3.1, the
second one which is more regular, is used in the proof of Theorem 3.2.

Let us begin by introducing some notation. For any A € N\ {0, 1} we denote by Q()) the
family of open squares in [0, 1]> with sidelength A\~ and vertices in A"*Z2 N [0, 1]?. For any
Q € Q(\) we let r(Q) € Q? be such that Q@ — r(Q) = (0, \71)2.

4.1. Building blocks. Let us fix an integer N > 1. We consider a family of velocity fields
Vi(z,t), ..., Vn(z,t) and scalars ©1(z,t),...,On(z,t) satisfying the following properties for any
1=1,...,N:

(i) Vi € C*([0,1]? x [0,1]; R?) is divergence free and tangent to the boundary 9[0, 1]%;

(ii) ©; € C>°([0,1]* x [0, 1]) is non-constant and satisfies the moment conditions

@i(m, t) dr=0
(0,1)2

Oi(z,t)*dz =1
(0,1)2

for every t € [0, 1];
(iii) (V;,©;) is a solution to the transport equation, i.e.

00;+V;-VO; =0  in[0,1]* x [0,1]; (4.1)
(iv) for every @@ € Q(5) there exists j = j(Q,7) € {1,..., N} such that
©,(z,1) =0,(5(x —r(Q)),0), for every z € Q. (4.2)

In other words, ©;(+, 1) can be realized by patching together elements of the family {©,(-,0) }1<;<n
after rescaling them in space by a factor 5. This is a clear generalization of the notion of self-
similar evolution where ©(x,1) = ©(5z,1) for z € T

4.2. Quasi-self-similar family. Starting from a family of building blocks satisfying (i)-(iv),
and an extra compatibility condition, we build a smooth family of quasi-self-similar solutions to
the transport equation. The following result is taken from [ACM16, Section 8].

Theorem 4.1. There exist V; and ©; satisfying (i)-(iv) with N = 6. They can be patched
together to form a quasi-self-similar evolution, i.e. a family {(p.(z,t),v,(z,t)) : n € N} of
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smooth solutions to the transport equation in [0,1]? x [0, 1] with the following structure

palt) = Y xo(@)Bue)@- 5"z — (@)1 (43)
QEQ(2:5™)

nm)= Y ey Vi@ 5 - r(Q).0). (4.4
QeQ(2:5™)

Moreover, they satisfy the following properties for every n € N:
(a) v, € C*([0,1]? x [0,1];R?) 4s divergence free, and

10F 0 || o< (0,100 (r2)) < C(ev, k) 5=V for every o > 0 and k € N; (4.5)
(b) pn € C*([0,1]? x [0,1]),

/ pn(z,t)dz =0

(0,1)2

/ oo 8)2dz = 1,
(0,1)2

(for every t € [0,1] and every n) and there is a constant C' such that

lon (-, )]l < 10 (4.6)
IV on(, )| < C'5" (4.7)
lon( ) <C5T" (4.8)

for every t € [0,1] and for every n;
(c) there exists a compact set K C (0,1)% such that

supp vy, (-, t) Usupp p, (-, t) C K

for any n € N and every t € [0,1];
(d) pu(z,1) = ppt1(x,0) for every n € N

The main difficulty in the proof of Theorem 4.1 is to ensure that the quasi-self-similar family
(pn,vn) is regular in space. Given any family of building blocks as in subsection 4.1, one can
always build a quasi-self-similar evolution through (4.3), by suitably choosing the indexes i(Q).
The problem is the presence of discontinuities along the boundaries of @) € Q(2-5"). To get
around this, one has to carefully choose the family of building blocks and place them ensuring
that two adjacent blocks coincide in a neighborhood of the interface. This requires a delicate
combinatorial construction which is explained in detail in [ACM16, Section 8|.

4.3. Quasi-self-similar velocity field and Euler equation. The following simple observation
will be used several times throughout the paper. Let v,, a quasi-self-similar velocity field as in
Theorem 4.1, if we plug it in the non-linear term of the Euler equations we get a body force
whose size is comparable to v, in any Holder space C®. More precisely, relying on (4.3) and the
fact that Vig)(2-5"(x — r(Q)),t) is tangent to 9C) we deduce

(V)= 3 )xQ<w>2_15nvz<Q>W(@(zs”(x—r(@)),t). (4.9)
QeQ(2-5™

Hence, using that V() and Vj(g) coincide in a neighborhood of 0Q) N 0Q’ when the latter is not
empty (cf. the discussion after Theorem 4.1), we deduce

0F (v, - Vo) lleqoagce 2y < C(a, k)5’(1’a)”, (4.10)

for any @ > 0 and k € N.
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5. QUASI-SELF-SIMILAR SOLUTIONS TO THE FORCED 2d-NS: FIRST CONSTRUCTION

We employ the family of quasi-self-similar evolutions built in section 4 to produce a solution
to the 2d Navier-Stokes equations with a sufficiently regular body force. We will show in
section 6 that the associated advection-diffusion equation displays anomalous dissipation, hence
concluding the proof of Theorem 3.1.

Let us consider {(p,,v,) : n € N} as in Theorem 4.1. Thanks to (a) and (b) we can make
both p, and v, 1-periodic, hence defined on the 2d-torus TZ.
Given the sequence of times ¢, := 1 — (n + 1)~2 we define

~ t— tn

)= 3 O (2 6.1
n>0 tn—i—l - tn

N 1 t—t,

(2, t) =D Xt tnsr) ) ————— 0y (x, ) . (5.2)
n>0 tn—i—l - tn tn—i—l - tn

It turns out that (p, @) solves the transport equation in T? x [0, 1], and both 5 and @ are smooth
in space for any ¢ € [0,1). However, they are only piecewise smooth in time. To solve this
issue we apply the following standard trick. We consider a smooth non-decreasing function
n : [0,1] — [0, 1] satisfying the following properties:

(1) n(t,) =t, for any n € N;

(2) ;Tin(tn) =0 for any n,k € N, k > 1;

(3) ‘%W(tﬂX[tn,th) < C(k)n for any n,k € N, and ¢ € [0, 1].
We then define

p(z,t) = p(n(t), x) (5:3)
vz, t) =n'()(n(t), =) . (5.4)

It is immediate to see that (p,v) solves the transport equation, and 0fv € L>(T? x [0, 1]) for
any k € N.

5.1. 2d-NS with body force. Let us begin by smoothing out the vector field v(z,t) around
t = 1. For any integer m > 2 we define

v%mw=§ﬂmmmmmm>lw@ﬁ@‘%), (55)

thy1 — tn tnt1 — tn
and the viscosity parameter
Vp 1= m*0572™ (5.6)
We then introduce the body force generated by v in the Navier-Stokes equations:
g" = 0™+ 0" - VU — v, Av™ . (5.7)
Lemma 5.1. Let v, and g™ be as above. For any o € (0,1) there is a constant C(«) such that
19" leqo,ps00(r2y) < Cla). (5.8)
Moreover, g™ — g in C([0,1]; C%(T?)) as m — oo, where
g=0w+uv-Vu (5.9)

is the body force generated by v in the Euler equations.
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Proof. Let us begin by estimating ||0;v™|¢(jo,1);c(r2))- Thanks to (4.5), we have

n(t) —tn
n>0 n+1 n n+1 n Co(T?)
+ / Oyvp | -, AL 5.11
nz>:0 |77 | X[tn,tn+1) ( ( )) (tn+1 — tn)z t ( tn—}-l —t, cor2) ( )

< C(@) Y (|00 Xt iy OD] + 17 O P 0y (0(1) ) 085 (5.12)

n>0
Notice that
1001 () Xt sty ()| = 0" (0) Xt 00y (0(E)) (5.13)
since 1'(t,) = 0 and n(t,) = t,. Moreover, from the property (3) of n we deduce
><[tn,tn+1>(77(75))(|77’(7f)|2 +[n" (1)) < Cn'?, (5.14)
hence,
||8tvm||c([0’1];ca(qr2)) S H@thC([O,”;Ca(Tz)) S C(Oé) (515)
Moreover, it is clear from the previous estimate that
mll_I)IéO ||8t1]m - atv||c([071];ca('ﬂ*2)) =0. (516)
Let us now study the nonlinear term:
TG0 = 3 WO 0O) g T (5 202 )
( +1 — tn) tn—l—l - tn
Relying on (4.10), it follows that
[0n * Vulleqogcacmey < Ca)5~ 0 (5.18)
in particular,
0™ - Vo™ || oagce(r2y) < C(a) , (5.19)
and
nll_rgo ||U Vo —w - VU”C([OJ];CQ(TZ)) =0. (520)
Let us now deal with v, Av™. Relying on (4.5) we find
80Dy v 32 WO (00— B (1121
n=0 n+1 n n n+1 Ca(’H‘Z)
1 n(o
< Cla)vpm Z 7' ()Xt sy (0(E ))tﬂi—t5 e+ (5.21)

< C( ) 105m(a+1)

< C(a)m205 m(1— a)

The latter, together with (5.15) and (5.19) implies (5.8). The second conclusion follows building
upon (5.16), (5.20) and (5.21).

U
6. ANOMALOUS DISSIPATION
Let us consider the velocity field v™(x,t) defined in (5.5). We consider the problem
o™ + 0™ - VO = v, AO™
m (6.1)
6™ (x,0) = p(z,0),

where p(z,t) is the scalar built in (5.3), and v, := m!%572™ as in (5.6).
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Proposition 6.1. Let ™ and v"™ be as above. Then,
1
lim inf Vm/ VO™ (2, t)>dzdt > 0. (6.2)
m—0 0 T2
The proof of Proposition 6.1 follows closely [DELJ19, Proposition 1.3]. Let us begin by proving
that p(x,t) is concentrated in frequency around C5" ~ ||Vp(-, )| 12(r2) When t € [t,, t;41).

Lemma 6.2. There exists A € (0,1) such that for any n € N and t € [t,, t,11) the following
properties hold:

(i)
IV (-, )| 22y < ATH5"5 (6.3)

(if)
| P<nsnp(- )| 22y < 10719, (6.4)

where P<ps» denotes the Fourier projector on frequencies smaller than A5".

Proof. Fix t € [t,, t,+1). Recalling that

D 0) = 5 X (1) ( WH) , (65)

n>0 tn—i—l - tn

we use the inequalities (4.6)-(4.8) in Theorem 4.1 to get

t) — tn .
90 Dlleen < 906Dl < | (2O Z0) ] <os o)
n+l 7 tn Loo(T2)
Let us prove the second conclusion. It suffices to show that
[ P<asmpn (5 8)|l pogrey < 1071° for every s € [0,1], n € N, (6.7)

provided A is sufficiently small. We rely once more on the inequalities (4.6)-(4.8) in Theorem 4.1:
| P<asnpn (-, S)HL2(’]I‘2) < A5"[lpn (-, 5) HH—l(’Jr2) < CA. (6.8)
Being C' independent on n and s € (0, 1), our conclusion follows. O

Next we state a well-known vanishing viscosity estimate for passive scalars. We refer the
reader to [DEIJ19, Proposition 1.3] for its proof.

Lemma 6.3. Fiz v > 0, v € L*([0, 1]; Wh>°(T?;R?), and 6y € L*(T?). It holds

1/2

1 1/2 1
sup [0, ) — 002 < (20 [ 190 C9leas) (2 [ 191 as) L 69
t<1 0 0

where 0¥ solves the advection-diffusion equation

0" +v-Vo¥ =vA0”,
6.10
{HV(x, 0) = fo) . (610)
and 0° solves the transport equation
00° +v-VH° =0, (6.11)
6°(x,0) = Op(z) . '
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6.1. Proof of Proposition 6.1. Let us consider the auxiliary problem

o™+ 0" -Vp" =0,
{ P g (6.12)
Y ($7O):p($’0)'
It turns out that
" p(z,t) if ¢t <tpp
xr,t) = . 6.13
pr(a.1) {p(x,th) if 1€ (tnp, 1] (6.13)

An application of Lemma 6.3, together with (6.13), gives
Slil?”lom(v 5) - 9m(7 S)HQLz(Tz)

1/2

¢ 1/2 t
< <2ym / |V<9m(x,s)|2dxd5> <2um / / Ime(x,s)Fdwds) (6.14)
0 JT2 0 JT2

1/2

1 1/2 t
< <2l/m/ VO™ (z,5)|* dz ds) <2Vm/ IVp(z,s)]* dz ds) :
0 JT2 0o JT2

for any t < t,,41.
Let us now assume by contradiction that

1
lim inf v, / VO™ (z,s)|>drds =0. (6.15)
m—0 o Jr2
Then, for any 6 < 107! we can find an arbitrarily big m such that
1
21/m/ VO™ (z,5)|*drds < 62. (6.16)
o Jr2
We claim that there exists t* € (0, tm+1 ) such that

21/m/ / IVp(z,s)*drds =1. (6.17)

Indeed, using the interpolation inequality ||u||?2 < |Ju|| g1 |/ul| -1, and the inequalities (4.6)-(4.8)

in Theorem 4.1, we have
tm+1 tm+l s — t
2Vm/ Vo(z,s)|*drds > 2Vm/ / Vo <x, m)
0 T? tm T2 i1 — tm
sS—tm
Pn i — b

> O, 57"
= Cm*

tm+1 4
> 20 [ IOl
t
> 1, when m is big enough.

2
dxds

—2

Hfl('p) (618)

m

From (6.14) we deduce
sup [[p(-, 8) = 0" (-, 5)[La(re) = 8Up 0" (-, 5) = 6" 8)lZ2ae) < 6 (6.19)

We show that the latter, together with (6.17), contradicts (6.16).
Let & < m such that t; < ¢* and ¢ € [ty, min{tx11,t*}]. From Lemma 6.2(i) we deduce

||P>A5k9m('a t)H%?(Tr?)
= 10" (., ) 722y — [ P<ask0™ (-, 1) |7 2(r2)
> 107 (-, )17 2(p2y — 2/ Pease (o5 1) — 07 (1)) [72r2y — 21| Pnsep(- )1 72¢r2y  (6.20)
> (107, t) 122 gray — 2llp( ) — 0™ (, )] T2pey — 2- 1077
> |67, )| F2grz) — 26° —2-107%°.
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Moreover,

t
167 Oy = 107 O ey =20 [ [ 1907 o) dads 2167 (621

All in all )
||P>A5k9m('7 t)H%Z(’]IQ) > 5 ) for any te [tka min{tk+17 t*}] : (622)

Let k* < m be the biggest integer such that ¢, < ¢*. From (6.22) and Lemma 6.2 we conclude

t* min{tk+1,t*}
zym/ VO (o, )P drdt > 20 3 / VP g7 (1) d d
0 T2 k<k* Yt T2
min{t41,6"} |
> 2 > §A252’“ dt
Rkt Tl (6.23)
min{ty41,t*}
> v > / IVp(x,t)? dv dt
k<k* Jt T2

t*
zymA?’/ / IVp(z,t)>drdt,
o Jr

hence, from (6.17) we deduce

o
2, / / VO™ (2, )2 e dt > A3 (6.24)
o Jr2
which contradicts (6.16) provided we choose J small enough.

6.2. Proof of Theorem 3.1. Let us set v,, := m!°572". We define v := v where the latter
is defined in (5.5). We let 6“ = 0™ be the solution to (6.1). Setting g := ¢, from (5.7) we
deduce that

o™ + o' - Vo' = v, Av'm + g . (6.25)
Moreover, Lemma 5.1 ensures that Theorem 3.1(1) is satisfied. In order to show Theorem 3.1(2)
we appeal to Proposition 6.1.

7. QUASI-SELF-SIMILAR SOLUTIONS TO THE FORCED 2d-NS: SECOND CONSTRUCTION

In this section we build the solution to the 2d-NS with force that will be used in the proof of
Theorem 3.2. The construction is done in two steps: we first build a smooth quasi-self-similar
evolution in [0, 1]> x R, with exponential gradient growth. The latter is used as a building
block to construct a second solution to the transport equation with support concentrated on a
family of cubes with controlled size.

This construction was introduced in [ACM18] to provide an example of instantaneous loss
of regularity for scalars advected by Sobolev regular velocity fields. We briefly go through the
entire construction, rather than taking it as a black box, because for the sake of our application
we need to keep track of fine estimates on the scalar and the velocity field.

7.1. Quasi-self-similar evolution and exponential mixing. Let us consider {(p,,v,) : n €
N} as in Theorem 4.1. We define

ple,t) = ;)X[nmﬂ) () pn (z,1(t) — 1) (7.1)
(w, 1) = g)n'(t)xmnm (n(®))on (2, n(t) —n), (7:2)

where 7 : R, — R, is a non-decreasing function satisfying
(1) n(n) = n for any n € N;
(2) %n(n) =0 for any n,k €N, k > 1;
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(3) |%n(t)| < C(k) for any ¢t € [0, 1].
As noticed in section 5, the introduction of 7 is necessary to smooth out the vector field with
respect to the time variable.

By relying on Theorem 4.1 it is immediate to show the following proposition, we refer the
reader to [ACM16, Theorem 6.7] and [ACM18, Theorem 6] for more details.

Proposition 7.1. The couple (p,7) is a smooth solution to the transport equation in [0,1]> X R,
Moreover, there exists a constant C > 0 such that the following hold:

(1) 9(-,t) is divergence-free, and

1T(, )|l + [|VO(, )| ze < C  for any t > 0; (7.3)
2) p(-,t) has mean zero for any t > 0, and
(2) 7 y
1AC Dllg—+ <C5, ¢ Olle =1, [IVAC, B[z~ < C5; (7.4)
(3) there exists a compact set K C (0,1) such that supp¥(-,t),supp (-,t) C K for any

t>0.
We can interpret the estimate
1AC, )| g2 < C5", for every t >0, (7.5)

by saying that p undergoes an exponential miring. A simple interpolation argument shows that
(7.5) implies exponential gradient growth,

. 1A(, DI gt

IVAC, e = 5= > C 15", (7.6)
1AC )l 7

which saturates the bound in (2). This feature is related to the quasi-self-similar structure of

the solution and will be key in what follows.

7.2. Scaling and iteration. Starting from (p, 7), we build (p, v), a new solution to the transport
equation displaying anomalous loss of reqularity. The velocity field v belongs to the Sobolev
space WP for any p > 1, and, when plugged into the Euler equations, produces a body force
with the same spatial regularity . The latter property will be fundamental for the application
to Theorem 1.3. The construction is taken from [ACM18] (see also [BN18c, BN19] for other
applications of the same idea).

For any n € N, we consider the following parameters
1 1

Ap 1= me‘”, TS g, M= e ™, (7.7)
and a family of disjoint cubes
Qn = (—3X\,3)\0)* + 2, C (1/4,3/4)°. (7.8)
We define
- M _ (T —T, ¢
Un(z, 1) .—7_nfu< " ’Tn) , (7.9)
rT—x, t
D t) :==Ynp — . 1
ol ) = (5 ) (7.10)
and
o(z,t) =Y Oa(z,t), plz,t):=> pu(z,1), (7.11)

Notice that v and p are compactly supported in (0,1)? uniformly in time. With a slight abuse
of notation we denote by (p,v) their 1-periodic extension. So, from now on the domain of
definition of v, ¥,, p, and p, will be the periodic box T? of length one.
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Remark 7.2. For any n € N, we have
supp (-, t),supp (-, t) C By, (z,) foranyt>0. (7.12)

In particular, if n # m then the distance between the support of ¥, and p, is at least A\, + \,.
The same consideration holds for the densities p,,.

Lemma 7.3. There exists C' > 0 such that the following estimates hold uniformly in n € N and
t>0:

150G )l -1 (r2y < Coa AR5~ 7 (7.13)
Hﬁn(7 t)”Lz(Tz) = fYn)\n ) (714)
~ 21 4
IV (-, O)llrr2y < CyAh 57, for any p € [1,00], (7.15)
2
)\P

Vo (-, t)|| Leer2y < C for any p € [1, 9], (7.16)

Ta
Moreover, p(-,0) € C>(T?).

Proof. First we recall that p,, has spatial mean zero, as a consequence of Proposition 7.1. The
second observation is that

150 (5 ) gr-1¢p2y < 100150 (5 ) | -1 Ry » (7.17)

since the support of (-, ) is contained in By, (z,) C (1/4,3/4)* as a consequence of Remark 7.2
and (7.8). We now use the standard scaling properties of the H~(R?) norm to obtain

=z, T N t
n  Tn/ IlH-1(R2) Tn/ |H-1(R2)

The estimate (7.13) follows from Proposition 7.1(2).
The check (7.14), we use standard scaling properties of the L? norm:

150 (s Ol -1 g2y =

~ =Ty T 5
150 Ollaey = s (5 )| =l Ole = das (7.19)
n Tn/ Il L2(R2)
To prove (7.15), we use the identity
- _ (T —xy T
D3, 1) = 1A, D4 (S ) (7.20)

with k& = 1, the fact that the right hand side is supported in B,, (z,), and Proposition 7.1(2).
Let us pass to the proof of (7.16). Thanks to the identity

1 r—x, t
Uplz,t) = —V0 =, 21
Vi, (x,t) Tan( " Tn) (7.21)
and Proposition 7.1(1) we get

2

1 r—1x, t An
5 (- )| o gry = — || V5 i <o 22
||Un( ’ )HL () Tn Ve ( )\n Tn> Lr(R2) CTn (7 )

To estimate ||p(-,0)||c+, we employ (7.20), the fact that 5 is smooth, and (7.7):

oG 0)llcx < D115l 0)llexr < O A" < o0 (7.23)

This completes the proof O]
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7.3. 2d-NS with body force. Let (p,v) be as in the previous section. We smooth it out as
follows: For every m > 1, define

() = 3 Bl t) = 3 2 (f” ;f" t) . (7.24)

noo o fr—z, T
0) = 3 alt) = o (F ) (7.25)
n=0 n=0 n n

Notice that (p™,v™) is a smooth solution to the incompressible transport equation in T? x [0, 1].
We then introduce the viscosity parameter

U 1= A2 705 7 (7.26)
and define the body force
g" =0 + ™ - Vo — v, Av™. (7.27)
Lemma 7.4. For any p < co there is a constant C(p) such that
19" leqowreqrsy < C(p)- (7.28)
Moreover, g™ — g in C([0,1]; W1P(T3)) as m — oo, where
g:=0w+v-Vu (7.29)

is the body force generated by v in the Euler equations.

Proof. Notice that

m L (x—x, t U . (T — Xy
g (:c,t)=nzz;)g(8tv+v-Vv)( " 77—n>+/\n7—nAU( " ’Tn) (7.30)

Thanks to (7. 1) we have the identities

w0 (S22 ) = () P (1(4)) 9 (522 () )

O (5.7 5) = 20 (7 kw060 g e (50 (1) - #)

n

+ I;)U ( ) X[k,k+1) (77 (;)) n (:n) (Oyvr,) (x ;::”777 (;) _ k) .

We use (4.10), and the fact that (vy - Vo) (I - 5) is supported in B, (z,) for every s > 0, to

get

o-vo (5 o)) < O e (/NN = CON? . (7)
while Theorem 4.1(a) gives

Jon (522 < Clo) 32 e (/NN = CON ™ (7.32)

We employ (7.1) once more to write

87 ("5 1) = T/ o) (

r— T

m ot/ 7)) — k) L (1.33)

n

hence, Theorem 4.1(a) gives

=Ty t
HA“< , 7'n>

p 2t
C(P) Y- Xpw+1y((t/72))5PAZP < C(p)5PAZP . (7.34)

wlp kJZO
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Hence, collecting (7.31), (7.32), (7.34), and using (7.26), (7.7) we get

g™ ) < ()f(;iw (Az 5))

n=0
m /\2

<C(p) ). = +C(p) Z N2 < C(p)
n=0 'M n=0

for any ¢ € [0, 1].
The convergence g™ — g in C([0, 1]; W?(T?)) follows from (7.7) and
)\2
lg(t) = g™ (. Ollwaw < Clp) Y. 55 + A%, forany t €[0,1]. (7.35)

n>m n

This completes the proof. O

Remark 7.5. Tt turns out that the velocity field v™ enjoys the same regularity of ¢g™. It is indeed
immediate to see from (7.16) that v™ € C([0, 1]; W?), uniformly in m.

8. ENHANCED DISSIPATION

Let (p™,v™), g™, and v, as in subsection 7.3. We define §™ by solving

9™ + 0" - VO = v, AT
m (8.1)
0™ (z,0) = p(z,0),
where p(-,t) was defined in (7.11).
Proposition 8.1. There exists C' > 0 such that
l/m/ / (VO™ (z,t)|* dz dt > Oy T2 (8.2)
T2

for any m > 3.

Let us begin by proving that p™(-,t) has a non-trivial amount of frequencies bigger than

fymS%, while its Lipschitz norm does not exceed 57=. Once again, this is related to the
quasi-self-similar structure of the solution.

Lemma 8.2. There ezists k > 0 such that the following hold for every m > 3 and t € [0, 1].
(1) Set A := /wmf)%, we have
1
| Poap™ (5 1) || L2(rey > §Vm>\m : (8.3)

where P-p is the Fourier projectors on frequencies bigger than A;
(2) V™ (- )| oo r2y < OB
Proof. Let us prove (1). We estimate

m—1
| Pcap™ () 22y < [|Pea Y Bn(-t) | 2¢r2y + || P<adm (-, )| L2(r2) (8.4)
n=0
m—1
<Y Bals )l 2er2y + 1 P<apm (1) | 22 - (8.5)
n=0
Thanks to (7.14), we get
o™ (-, t)HLQ(TQ) = 272>\2 = | Z Pn( HL2(T2 +’Ym>‘2 (8.6)
while (7.13) gives
IP<pfm (s )22y < Allfm (5 )l gr-10r2) < CAYmAZE 70 < —A2 A2 (8.7)

10
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up to choosing « small enough. Collecting all the estimates above we deduce

1
1P<ap™ (5 D)2y < llom™ D) oy — 1272 + 5 TR (8.8)

By recalling that [|p"(-,1)[|72r2) = Xieo 7a\s < 2, and (7.7), we get
[ P<ap™ (-, t)HLi’(T?)

- 1 1
< lp™ G ) Faery — VAL, + 100 ™ VmAm + gﬁﬁ\i\/”ﬂm('a )7 22y — VoA

m 1
< 0™ )12 (r2y — 5%3@)\371-
Let us now prove (2). We employ (7.15) and (7.7) to get

IV Dllmen € 0 IV D)llmien < €3 90y 5% < 057 s
n=0

8.1. Proof of Proposition 8.1. Recall that

op" + 0" -Vp" =0,
{ " (8.9)
p"(z,0) = p(z,0),
hence, from Lemma 6.3 we deduce
Sup 167 (-, t)=p™ (-, 1) |72 (r2) (8.10)
1/2 1 1/2
<2ym / 1707 () 2es ds> <2ym / yyvem(-7s)\|§2@2)ds> (8.11)
0
1/2
< CT2N,, (21/m/ VO™ (-, 5)|122(r2) ds> : (8.12)
0

where in the second inequality we used (7.26) and Lemma 8.2.
If we let A(t) := KYm57 be as in Lemma 8.2, we have

107 (1) — p™ (- )l L2cr2y > (|1 Poacy (0™ (5 1) — 0™ (1))l 2 (12)
> |Psa@yp™ (5 t) 22y — |1 Psaw0™ ¢ 1) | 2er2y

YmAm 1 m
92 A(t) ||V6 ( 7t)HL2(T2) :

>

Hence, for any ¢ € [0, 1] we conclude
IO 3907, ) ey + O A (m / 1 ||vem<~,s>||%z(w>ds) " e
We integrate (8.13) with respect to ¢ € (0, 1), and use the identities
vy = N2 7 5 /0 APl = O (5 — 1), (8.14)
to get

1 1/2
ComAmTa, < 2Vm/ IV0™ (-, )17 2¢r2y ds + 72 A 7o) 2 <2Vm/0 VO™ (-, 8) 172 r2) dS) :

from which the desired conclusion follows easily.



20 ELIA BRUE, CAMILLO DE LELLIS

8.2. Proof of Theorem 3.2. Let us set v, := /\3n7m57%. We define v" := v™ and ¢"™ := g™
as in subsection 7.3. We let #* = 0™ be the solution to (8.1). We deduce that

o™ + o' - Vo' = v, Av + gt (8.15)

Moreover, Lemma 7.4 ensures that Theorem 3.2(1) is satisfied. In order to show Theorem 3.2(2)
we employ Proposition 8.1 and (7.7), obtaining

3

1
Vm/ VO™ (z,t)|* dw dt > Ce8m’ , Uy < €727 (8.16)
o Jr2

which clearly implies Theorem 3.2(ii).

APPENDIX A. CONVERGE OF NAVIER-STOKES TO CLASSICAL SOLUTIONS OF EULER

In this section, we show simple computation that allows to compare classical (Lipschitz
solutions) of forced Euler to classical solutions of Navier-Stokes. The computation can be
generalized to weaker notion of solutions of Navier-Stokes, namely distributional solutions that
satisfy a suitable form of the global energy inequality, but we leave the technical details to the
reader.

Lemma A.1. Let u” be a classical solution of (NS) and u be a Lipschitz solution of

{ u+u-Vu+Vp=f

divu =0 (A1)

on the time interval [0, T|. Then the following inequality is valid for every t € [0,T):

dt2/‘u u’*(x,t) da
§<||Vu||,;oo /|u—u (x,t) dz + = /|f P (x,t) dz + /|Vu| (x,t) dz. (A.2)

Clearly, from (A.2) one concludes immediately that, if v | 0, f* — f in L*([0, T]; L?), and
u”(-,0) = u(-,0) in L?, then v — u in C([0, T; L?).
Proof. We first subtract the two equations to get
Oh(u” —u) = (—u” - Vu’' +u-Vu) =V(p" —p) + vAu" + (f¥ — f).
=R

We then multiply by v — u, integrate in space, and use the fact that ©v” — u is divergence free
to conclude

dt2/|u o (2, 1) da
_/[ (W = w))(z, 1) dx—i-/(f — ) (= w) () da —V/[Vu”:(Vu”—Vu)](x,t) do

where A : B is the Hilbert-Schmidt product. For the first integrand in the last line the following
is a very well-known fact which can be proved by elementary integration by parts:

/[R- (v —w)](z,t) de < ||Vul|z= / lu” — ul*(z,t) dz.

The second integrand can be bounded in an elementary way by

/(fl’_f).(u”—u)(x,t) dx§;/|f”—f|2(x,t) dx—l—;/m”—u\?(x,t) dz.
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As for the third integrand we can estimate it as

— I//[Vu" : (Vu” — Vu)l(z,t) de

=_ 1// IV (u” —u)|*(z,t) doz — u/[Vu : V(" —u)|(z,t) de < Z/]Vu]z(x,t) dz.

Combining these facts together we easily conclude (A.2). O
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