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TOTAL VARIATION DECAY OF SOLUTIONS TO THE
NAVIER-STOKES EQUATIONS*

MARIA ELENA SCHONBEK?

Abstract. In this paper we study the decay of solutions to Navier-Stokes equations in the total
variation norm of the solution and the Hardy H! norm of higher derivatives. We show that the
solutions decays to zero at an algebraic rate.

1. Introduction. We consider the decay in the total variation norm of the so-
lutions and derivatives to the Navier-Stokes equations in n spatial dimensions with
2<n<7,

(1.1) us — Au+u-Vu+ Vp =0,
divu = 0,
u(-,0) = ug € X.

Here X, to be described below, will be chosen as an appropriate space which will
insure the boundedness of the solution and derivatives in the total variation norm.
We note that we will be work in a setting were the solutions are regular. Specifically
we will either suppose that we start at a time sufficiently large so that our solutions
are regular or the data is sufficiently small to insure global regularity.

The paper consists of an introduction and three sections. In the first section we
introduce notation and give some preliminaries. In the second some observations on
regularity are made. We show that solutions such that the product of the L? norms of
the data and of the gradient is less than the inverse of the “Prodi constant” will have
bounded L? norm of the gradient uniformly in time and hence be globally regular.
This result is included to give one more setting under which we can obtain our decay
results. In the last section we study the decay of the total variation norm of the
solutions and of higher derivatives. We show that for the total variation we have the
following behavior

(1.2)  [|0su(®) = 8o Pu(t/2)]y < OLE+ )TV =1, 0
(1.3) 10sully = Cot™ 2 + CLt +1)™271/2 i =1,... n
where e~4% as usual represénts the Stokes semi-group. The decay obtained in the

total variation norm is the same for the solution itself as the decay of the solution
towards the solution of the heat equation.
For p > 1 we establish

(1.4) ||DPu(t) — DPe= A/ 2u(t/2)|lpn < Cy(t +1)7P/2~"/2
(1.5) IIDPullys < Colt+1)77/2
2. Preliminaries and Notation. We shall use the multi-index notation a =
(a1,...,ap), ol = a1 + ...+ a, with a; > 0, and write
le
D* 9

= —C( .
Ozt ... 0z
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as usual

DPy = Z D®u(z).

|a|=p
Further we define
Cm=C™R")={ueC™R"): lim D%(z)=0, |of <m}.
|z]| =00
Coy = CMR")={ueC™(R"): | lim D%u(z) =0 , la| < m, div=0}.

z|—o00

The L? norm (or energy norm) will be denoted by

= ([ mera)

where = = (z1,%2,...,%y), dz = dz; dzs... dz,.
L2 ={u:ue€ L? divu =0}

More generally we consider the L” norm, for 1 < p < oo, denoted by

ity = ([ e az) .

l[ulloo = ess sup, e n [u(2)]-

and the L* norm,

The Sobolev H™ norm is defined by

1/2
||u|| g = (/]Rn > |Dau(m)|2dx> )

lo|<m

We recall the definition of Hardy spaces on IR™, denoted HP for 0 < p < oo (see,
[8], [9])- Let S denote the Schwarz space of rapidly decreasing functions on IR™. Let
¢ € S satisfy [, ¢(z) dz = 1. A tempered distribution f belongs to #? whenever

fF(z) =sup|(¢¢ * f)| € L(R"),
t>0

where ¢;(z) = t~"¢(z/t). The Hardy norm of f is defined by

Ifllr =117 ¥Mlp for p>1.

We recall that H! is a Banach space strictly contained in L' and that L? ~ H? for

p>1.
We denote

HL ={f:feH , divf=0}

We need to recall the definition of VMO, the dual space to H'. We start by the
definition of the space BMO of Bounded Mean Oscillation
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DEFINITION 2.1. [5] A measurable function f on IR™ is in the space BMO if

= sup _
[f]BMO:S%p IB‘/BU fa| dz < +c0.

where the supremum is taken over all open balls B, and fp is the average over B:

1
h—ﬁéfm

Where we have denoted by |B| the Lebesgue measure of a measurable set B C R"™.

Since [f]lemo = 0if f = constant we have only a semi-norm and not a norm, therefore
it is natural to consider the quotient space BMO/IR with the norm induced by BMO.
This quotient space is a Banach space and for simpli city we will also denote it by
BMO. It is well known [3], [15] that BMO = H*(IR™)*

DEFINITION 2.2. [2] A function f € BMO belongs to VMO if it satisfies
lim i/|f—f|dx—o lim, i/|f—f|dx—o
1Bj—0 |B| /g e Bl=eo B Jp e

uniformly for all open balls B.

We recall that VMO is the closure of BMO in C,(IR") of continuous functions
vanishing at infinity and its dual space is VMO* = H!(IR"). For more details see
2], 8.

The following decay results for solutions to the Navier-Stokes equations in higher
norms will be needed. We will work either with solutions that are globally smooth or
we will suppose that our time is large enough to insure regularity see [4].

THEOREM 2.1. Let 2 < n < 7 Suppose ||[u||2 < Co(t +1)72* for t > 0, with some
w>0. Let T, be given by Kato [4] such that

(2.1) l|u|loo < Colt — To)% for some C, >0
Then for m € N there is some C = Cp(p, C,) independent of T,

(2.2) ID™u||3 < Cont =T, —1)"™ "2 for t>T,+1—2""

Proof. See [12], [14],[17].

3. Regularity. It is well known that solutions of the Navier-Stokes equations
are regular for a short period of time if we start with sufficiently smooth data and
eventually become smooth for large time. The time period for n > 3 will depend
on the norms of the data. For n = 2 there is global regularity. We recall that
provided that the L? norm of the gradient of the solution is bounded it follows that
the solutions are regular [7]. Here we give for completeness a very short proof which
shows that if the data is such that the product of the L? norms of the data and
gradient of the solution is smaller then the inverse of the constant appearing in the
Prodi inequality [10] then the gradient of the solution remains bounded for all time.
This result is presented for its simplicity. We give the proof in n dimensions and then
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show that for 2 and 3 dimensions the hypothesis reduce to the Prodi inequality [10].
We will suppose that we are working with solutions satisfying the energy inequality

¢
(3.1) / || da:+/ / |u|?> dz ds 5/ |Vuo|? dz for all time ¢ > 0
R» o JRm R®

It is known that for 2 < n < 5 such solutions exists. In the next theorems we will use
the notation

¢ = [Vull?,
$o = IIVuoH%

THEOREM 3.1. Let ug € HY(R") div u = 0. Let u(z,t) be a solution to the
Navier-Stokes equations satisfying the energy inequality (3.1) with data wg. Suppose

d _ -
(32) 0 <t b Nl BUITuol " < (Co)

then the L? of the gradient is bounded for all time.
Proof. From (3.2) it follows that

(3.3) ¢ff—“_51 < Cn dt

Integrating the last equation yields for n > 3

t
(3.4) 6" < [$>" = Culn — 2) / ¢ ds]™?

The energy inequality (3.1) yields

t
/ ¢§/ |uo|? da
o R"

Thus combining the two last inequalities yields
¢ n—2
1= Cn(n—2) [, ¢(t) ds(¢o)"2
_ Jen [ Vol d2)" ™
1= Cn(n = 2) [pn [wo]? dz( [ [Vto]? dz)"

(3.5) ¢" 2 <

Thus the gradient is bounded provided that

Co(n — 2)/ Iuolzdx(/ IV 2)"2 < 1.
R™ R

Hence the theorem follows for n > 3. For n = 2 the same procedure leads to

t
(3.6) log(¢) < log(do) + C / g

Thus in this case the L? norm of the gradient is bounded independently from the
size of the data.
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COROLLARY 3.1. Let u, € HY(R") divu =0, with n > 3. Let u(z,t) be a
solution to the Navier-Stokes equations satisfying the energy inequality (3.1) with data
u,. Then u(.,t) € HX(R™) for all t < T where T is such that

T
(n—2)C’n/ Va2 da:/ IVul2 dz ds <1
R™ )

where as before C,, is the constant that appears in (3.2)
Proof. Follows by (3.5).

REMARK 3.1. For n = 2,3 the constant C, in (3.2) a. is given by Prodi’s
inequality.

REMARK 3.2. We recall that Heywood using Prodi’s inequality combined with a
more geometric argument has gotten some other estimates that show for how long the
3D solution of (1.1) remains regular [6].

4. Total variation decay for solutions to the Navier-Stokes equations.
In this section we consider the decay of the total variation to solutions and higher
derivatives to the Navier-Stokes equations in n dimensions, 2 < n < 7. We obtain
the decay for strong solutions. It is well known such solutions exist for small data
as for example was shown in the last section. See also [7]. Our decay proofs apply
also for large data, the smallness of the data is only used to insure regularity so that
we can use the decay estimates on the derivatives given by Theorem (2.1). Since for
sufficiently large time the solutions will become regular we can always modify the
statement of the theorems to read for time larger that T, , where T, depends only on
norms of the data. That such a time exists is a consequence of decay results of the
L? and H! norms [12],[14] and [17].
The proof of the following theorem is done via Hardy estimates. That is we will
obtain the decay of the L' norm of gradient via an estimate of the Hardy norm of the
gradient. The ideas used are based on results of Miyakawa [8].

THEOREM 4.1. Let u, € L2 N H* N HL(R™). Suppose also that [, uo =0 and
let n > 2 Then if u is a weak solution to the Navier-Stokes equation , there exist T,
depending on the H' norms of the data such that for t > T,

(4.1) [Vu(t) — Ve 4 2u(t/2)|, < C(t +1)"V271/2,
where e~4t is the Stokes semi-group and C depends on the norms of the data. The
L' norm of the gradient of the solution will decay as follows

(4.2) / |Vulde < Cy(t +1)"™/271/2
Rﬂ

with C1 depending on the norms of the data.

Proof. We note that the condition imposed on the total mass, namely || & o =0,
is essential since that will insure the decay of the homogeneous part of our equation.
Recall that for positive data the L' norm of the solution to the Heat equation is
independent of time.

We remark that if we take the data with the additional condition (3.2) from Theorem
3.1 then T, can be taken equal to zero. Otherwise we work with large time. In both
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situations we will work with regular solutions. Thus we can take a deriv ative of the
equations (1.1)

Utg; + (u : Vu)z; + (VP):M = (Au)wz

Let P be the projection onto divergence free fields hence the gradient of the solution
can be expressed in the integral form

¢
(4.3) Oug, = e~ A2y, — O, uler =) P(u - Vu)ds.
t/2

Note that we have put the derivative on the heat kernel in the last integral. Hence
¢

(4.4) 10z:ulls < 118564 2uo|ly +/ 10: (A4~ 91P(u - Vu)|l1ds.
t/2

Thus we need to bound the two terms on the right side. The approach we use is based
on ideas of Miyakawa [8], [9]. We need to show the following estimates

(4.5) Hv'u,(t) — ve—At/2u(t/2)”1 < C(t + 1)—17./2—1’
and
(4.6) ||V6—At/2’u,(t/2)||1 < Ct—1/2.

The proof of (4.5) is as follows. Let u € H!, for ¢/2 > T,
(4.7) < Bgu(t), Y > = < 8p,e 4 2u(t)2),9 > —

t
/ < Oy, e A P(u - Vu)(s), 1 > ds.
t/2

Here ¢ € C3%, 0 < s <t. Recalling that [(VMO),]* = #; it follows by (4.7) that
(4.8) < By, u(t) — Oy, e~ A 2u(t)2), 1 >
t
1
<c [ sl V0l dlilvio.

Here we used that

1
—A(t—s) -
|0z | < Co s1/2+n/2"
Since H! is strictly contained in L we have

(4.9)[100,u(t) — Dase™*?u(t/2)|I1 < 1105,u(t) — Oaie™ 4/ *u(t/2)[ 2
= sup < a(l:iu(t) - amie—At/Qu(t/2)a P>

[¥]lvmo=1
¢ 1
<G //2 m/ﬂ-—n/?”(u - Vu)(s)||pds
t

We need the following estimate for the convective term.
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THEOREM 4.2. [1]. Letn > 2. Ifu € L2(IR") and Vv € L*(IR"), then u- Vv €
HY(IR™), and we have the estimate

(4.10) [l - Vollzr < Cllull2|IVoll2,
with C independent of u and v.

Proof. See [1].
From the last theorem and inequality (4.9) it follows that

(411)  10au(t) = Bare™ **u(t/2)ll1 < 110z u(t) = Osie™ 4 2u(t/2)|l5

t
1
<c, /W Gsyrlllal Vullds

We remark that [p. [uo|?dz = 0 yields that the solution to the underlying Heat
equation with data u, decays in the L? norm at a rate of (t+1)~"/4=1/2, Thus under
the conditions in the hypothesis it follows from theorem (2.1)

lu(@)l3 < Colt +1)7/27%
IVu(®|l3 < Colt + 1)~ /2.
Replacing these last two inequalities in (4.11) yields after integrating
(4.12) |10z, u(t) — Bz e~ A 2u(t/2)|]1 < Ci(t +1)~"/271/2
Next we need a decay estimate on
|10, €™ A4 20, || .
An easy computation shows
(4.13) 102.e ™|y < Cot ™2 |u(t/2)|1y

We are working with data such that the corresponding solution is bounded in H!.
For a proof of former statement see [8].
Combining the inequalities from (4.4) and (4.13) yields the desired decay

(4.14) |0z, ully = Cy(t + 1)~ n/2-1/2

This completes the proof.

The next theorem establishes the decay in H! of higher order derivatives. The proof
is similar to the last theorem, following ideas used by Miyakawa in [8]. The variant
comes in the estimates of the non-homogeneous term

THEOREM 4.3. Let u, € L2 N HP N HL(R"™), with p > 1. Suppose also that
f]Rn U, = 0 and let n > 2. Then if u is a weak solution to the Navier-Stokes equation,
there exist T, depending on the H' norms of the data such that for t > T,

(4.15) IDPu(t) = DPe™"/2u(t/2)|ln < C(t + 1)7P2772,

where as usual et is the Stokes semi-group and C depends on the norms of the data.
The p-derivative of the solution will decay as follows

(4.16) / |DPu|dz < C,t™P/2 4 Cyt~/27P/2
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with C, and C7 depending on the norms of the data.

Proof. As in the last theorem we remark that if we take the data with the
additional condition from (3.1) then T, can be taken equal to zero. Otherwise we
work with large time. In both situations we will work with regular solutions. Thus
we can take “p” derivatives of the equations (1.1)

DPu + DP(u - Vu) + DP(Vp) = DP(Au).

Let P be the projection onto divergence free fields hence the DP derivative of the
solution can be expressed in the integral form

t
(4.17) DPy = e~ 4t/2DPy,, — DP[eA®=9)P(u - Vu)ds.
t/2

Note that we have put “p” derivatives on the heat kernel in the last integral. Hence

(418) [[Dullwr < |IDPe™ 4 uq 1y + / DA P (- V)t - )l ds.
t/2

Thus we need to bound the two terms on the right side and show the following
estimates - ‘

(4.19) IDPu(t) — DPe=442u(t/2)||3n < C(t +1)7P/2,
and
(4.20) ||DPe=A20(t)2)| | < CtP/2,

The proof of (4.20) is as follows. Let u € H!, for t/2 > T,
(4.21) < DPu(t), v > = < DPe~42y(t/2),4 >

t
- / < DPe=5P(u - Vu)(t — s),v > ds.
t/2

Here ¢ € Cg%, 0< s <t. Since [(VMO),]* = H; we have by (4.21) that
(4.22) < DPu(t) — DPe~42u(t/2),v >
¢
<, / IDPe45(u - Vu) (¢ — 8)| o ds[hlvao.
t/2
To bound DPe~*4% we need the following auxiliary estimates. We recall that in the

whole space the Stokes operator behaves as the Heat operator and thus the operators
DPe~4 have convolution kernels

(4.23) K,y(z) = Z c;z@e 1/ where p=2s,
|a|=2r, r=0,...,s
Kp(z) = Z crz®e 1P/t where p=2s+1,

|a|=2r+1, r=0,...,s

Where the ¢, are easy to compute, but their exact expression is not relevant for our
computations. It follows that

1

p,—As
|DPe ISC"—sp/2+n/2'
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Taking the supremum over all ¢ with VMO norm equal to one in (4.22) yields

t
1
_ —At/2 . —
(4.24) || DPu(t) — DPe u(t/2)||ln, < Co /t/2 3p/2+n/2||(u Vu)(t — s)||31ds.

Thus we have

(4.25) || DPu(t) — DPe™ A4/ 2u(t/2)||31
= sup < DPu(t) — DPe/2u(t/2),1 >
[Y]vmo=1

t
1
<C.f Gl T = slleds

From theorem (4.2) and inequality (4.25) it follows that

1

— s ulal Vull2ds

¢
(4.26) || DPu(t) — DPe™A24(t/2)||3 < Co/

t/2
Under the conditions on the hypothesis it follows from theorem (2.1) , since
Jign [tol?dz =0

llu(t = 8)|13 < Colt — s +1)7™/27L,
[|DPu(t — 8)||2 < Co(t — s + 1)~ (/24p+1),

Now replacing these last two inequalities in (4.26) yields after integrating
(4.27) [1DPu(t) — DPe™ 4 2u(t/2) || < Cr(t/2)77/*7"/*
Next we need a decay estimate on

|DPe™ 420, |3

From (4.23) it follows that K, (z) decay exponentially it thus the kernels satisfy the
conditions from Theorem 4 of [15], page 115. Hence one can conclude that

(4.28) 1DPe™ A uollagr < Cllugllas

where C' > 0 and independent from u,. Letu; (z) = uo(\/(t)m). Similar steps as in
(8] yield

(429)  Mlutollar =t Plluollagr, 11DPe™ 4ugollan = 72772 (| DPe™Abu, |3

Thus from (4.23), (4.28), (4.29)

(4.30) 1DPe™ 4 2] lps < Cot ™2 |u(t/2)| e

Since the solutions are bounded in H! (see [8])

(4.31) 1DPe™ 4 2ug| |32 < Cot™P2|Ju(t/2)]lan

Now combining the inequalities from (4.18), (4.27) and (4.31) yields the desired decay
(4.32) |DPul|32 = Cot™P/?

This completes the proof.



564

(8]

[10]
[11]
[12]
[13]
[14]
[15]
[16]

(17]

M. E. SCHONBEK

REFERENCES

R. CoirMANN, P. L. LIONS, Y. MEYER, AND S. SEMMES, Compensated compactness and Hardy
spaces, J. Math. Pure Appl., 72 (1993), pp. 247-286.

R. COIFMANN AND G. WEISS, Eztensions of Hardy spaces and their use in analysis, Bull. Amer.
Math. Soc., 191 (1974), pp. 75-81.

C. FEFFERMAN AND E. M. STEIN, HP spaces of several variables, Acta Math., 129 (1972), pp.
137-193.

T. KaTo, Strong LP solutions of the Navier-Stokes equations with applications to weak solu-
tions, Math. Zeit., 187 (1982), pp. 471-480.

F. JoNH AND L. NIRENBERG, On functions of bounded mean oscillations, Comm Pure Appl.
Math., 14 (1961), pp. 213-231.

J. HEYwooD, Open Problems in The theory of the Navier-Stokes equations for Viscous Incom-
pressible Flow, Lecture Notes in Mathematics No. 1431, Springer Verlag.

J. LERAY, Essai sur le mouvement d’un liquide visqueuz emplissant l’espace, Acta Math., 63
(1934), pp. 193-248.

T. MIYAKAWA, Hardy spaces of solenoidal vector fields with applications to the Navier-Stokes
equations, Kiushu Journal of Mathematics, 50 (1996), pp. 1-64.

T. MIYAKAWA, Application of Hardy space techniques to the time decay problem for incom-
pressible Navier-Stokes flows in R™, Funkcialaj Ekvacioj, 41 (1998), pp. 383-434.

G. Prop1, Theorems: di tipo locali per il sistema de Navier-Sokes e stabilita de la solucione
stazionarie, Rend. Sem, Mat. Univ. Padova., 32 (1962), pp. 374-397.

M. E. SCHONBEK, L2 decay of weak solutions of the Navier-Stokes equations, Arch. Rational
Mech. Anal., 88 (1985), pp. 209-222.

M. SCHONBEK, Large time behavior to solutions to the Navier-Stokes equations in H™ spaces,
Comm. in PDE, 20 (1995), pp. 103-117.

M. ScHONBEK AND E. SuLl, Decay of the total variation and Hardy norms of solutions to
parabolic conservation laws, Non linear Analysis and Applications, To appear.

M. E. SCHONBEK AND M. WIEGNER, On the decay of higher order morms of the solutions
of Navier-Stokes equations, Proceedings of the Royal Society of Edinburgh, section A -
Mathematics, 126 (1996), pp. 677-685.

E. M. STEIN, Harmonic Analysis, Princeton University Press, Priceton, 1993.

M. WIEGNER, Decay results for weak solutions to the Navier-Stokes equations in R™, J. London
Math. Soc., 35 (1987), pp. 303-313.

M. WIEGNER, Higher order estimates in further dimensions for the solutions of Navier-Stokes
equations, Proceedings of the Stefan Banach International Mathematical Center, 1999.



