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ABSTRACT. We consider the viscous n-dimensional Camassa-Holm equations,
with n = 2,3,4 in the whole space. We establish existence and regularity
of the solutions and study the large time behavior of the solutions in several
Sobolev spaces. We first show that if the data is only in L? then the solution
decays without a rate and that this is the best that can be expected for data in
L2. For solutions with data in H™ N L! we obtain decay at an algebraic rate
which is optimal in the sense that it coincides with the rate of the underlying
linear part.

Quelques questions de decroissance et existence pour les equa-
tions visqueuses de Camassa-Holm.
Résumé : On considere les équations visqueuses de Camassa—Holm dans R,
n = 2,3,4. Nous établissons l’existence et regularité des solutuions. Nous
étudions le comportament asymptotique des solutions dans plusieurs espaces
de Sobolev quand le temps tend vers 'infini. On montre que si la donnée est
seulement dans L? la solution decroit vers zero, mais la decroissance ne peux
étre uniforme. Pour les solutions avec de donnée dans L' N H™ on obtient
une decroissance algébrique avec une vitesse qui est optimale dans le sens que
c’est la méme que pour les solutions correspondant a I’équation linéaire.

1. INTRODUCTION

The Viscous Camassa-Holm equations (VCHE) are commonly written as
(1.1) v +u-Vo+o-Vul +Vr=vAv
u—olAhu=v
V-v=0

These equations rose from work on shallow water equations [3], which led to [11],
[16], where the equations are derived by considering variational principles and La-
grangian averaging. In light of this derivation the equations are sometimes called the
Lagrangian Averaged Navier-Stokes equations. In [9], the equations were derived
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as a “filtered” Navier-Stokes equation, which obeys a modified Kelvin circulation
theorem along filtered velocities. In this setting they are sometimes referred to as
the Navier-Stokes-a equations, where « is the parameter in the filter. Solutions
to the VCHE are closely related to solutions of the famous Navier-Stokes equation
(NSE), but the filter allows bounds that are currently unobtainable for the NSE,
making them in some ways better suited for computational turbulence study, see
[12].

In [9], [10] these equations were studied in relation to turbulence theory. This
treatment includes existence and uniqueness theorems on the torus in three dimen-
sions. The two dimensional case was considered on the torus and the sphere in [14].
Global existence and uniqueness in three dimensions was proved on bounded do-
mains with zero (non-slip) boundary conditions in [16]. These equations have also
been studied in terms of large eddy simulation and turbulent pipe flow in [4],[5],[6],
and [8]. In this paper we extend the current existence theorems and study the large
time behavior of solutions.

In section four we extend the known existence and uniqueness theorems to the
whole space in dimensions 2 < n < 4 using the Galerkin method. In the next
two sections we continue the decay program of M. E. Schonbek, [20], [21], [22],
[24],]26]. In the whole space we prove that the energy of a solution corresponding
to data only in L?(R"™) decays to zero following the arguments in [18], and then
demonstrate that no uniform rate of decay can exists which depends only on the
initial energy. If the initial data is assumed to be in L' N L? we show, using the
Fourier Splitting Method, that the energy of a solution decays at the rate expected
from the linear part, this is the same rate of decay as solutions to the NSE. For
solution with initial data in H™NL! we calculate the decay of derivatives using again
the Fourier Splitting Method with an inductive argument. Section seven contains
analysis of the Helmholtz equation in the whole space using the heat kernel leading
to bounds on the filter of the VCHE. In the final section we use the analysis of the
filter in section seven to provide conditions under which we can expect a solution
of the VCHE to approach a strong solution of the NSE in the whole space.

2. NOTATION

In this paper, LP denotes the standard Lebesgue space with norm |[|¢|, =
([1o[P)/P. We use < u,v >= [wuv to denote the standard inner product on the
Hilbert space L?. Solenoidal vector fields (subsets of ¥ = {¢ € C5°(Q)|Ve = 0})
will be needed to describe incompressible solutions. L2 will denote the completion
of 3 in the norm | - ||, W™P will be used to denote the standard Sobolev spaces
with the convention that H™ = W2, The completion of ¥ under the H™ norm
will be denoted by H™ and (HI")" will be the dual space. To denote the Fourier
Transform of a function ¢ we will use either ¢ or F (¢), with ¢ or F~1(¢) the inverse
transform.
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3. PRELIMINARIES

The Kelvin-filtered Navier-Stokes equations (KFNSE) are given by the formula

1o}
l+u-Vv+v-VuT+Vﬁ=VAv

ot
Vv=V.u=0
v=_0u
In the above, u = g * v denotes a spatially filtered fluid velocity and O is the
inverse of this convolution. The term w - Vv is similar to “mollifying” the Navier-
Stokes equations, originally done by Leray, [15], to approximate solutions. The
term v - Vul = Y v,;Vu; allows the solution to obey a modification of the Kelvin

circulation theorem where circulation is conserved around a loop moving with the
filtered velocity u. In two and three dimensions, using the identity

(3.1) u-Vv—i—ZvjVuj:—ux(qu)—l—V(v-u)

and including the term V(v - u) in the pressure, the KFNSE can be written as

0
8—:+VW:UX(VX1))+1/AU
Vu=V.v=0
v=0u
The following lemma will show that the bilinear term in the Kelvin-filtered Navier-
Stokes equations behaves similar to the bilinear term in the Navier-Stokes equations.

Lemma 3.1. Let u and v be smooth divergence free functions with compact support,
then

<u-Vo,u>+<v-Vul ,u>=0
<ux(Vxv),u>=0

Proof. The second equality is a consequence of the first, the identity (3.1), and the
fact that u is divergence free. To see the first inequality we just need to rearrange
the terms and then integrate by parts

E / vjaiujui der = — E / ui(?ivjuj dzx
ij VR ij VR

Using this lemma, we can formally multiply the KFNSE by v to find

0
(3.2) < i >+4v < Vu,Vu>=0

By choosing O to be the Helmholtz operator O = 1—a?A we recover the Viscous
Camassa-Holm equations

v +u-Votov-Vul + Vi =viv
uw—a?Au=uv
V-v=0
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In the case of the VCHE, (3.2) becomes

d
(< u,u > +a? < Vu,Vu >) + v(< Vu, Vu > +a? < Au, Au >) =0

(3.3) Sq

This relation gives a priori estimates on w:

t t
o)1 + a2 Va1 + 20 [ [Vl 013 de+ 200 [ IV2uC 0] de
0 0

(3.4) < uol3 + ®||Vuoll3

4. EXISTENCE OF SOLUTIONS FOR THE VCHE

Existence and uniqueness of solutions for the VCHE was proved first on periodic
domains in three dimensions, in [10], using the Galerkin method. The most general
existence and uniqueness theorems in three dimensions are provided in [16] which
relies on a fixed point argument. The theorems in [16] assume the initial data
up € HY N H® with s € [3,5) and v = Au = 0 on the boundary, where A is the
Stokes operator. We extend these results by providing theorems which cover the
whole space in dimensions 2 < n < 4. As an intermediate step, we provide a new
existence proof on bounded domains in dimensions 2 < n < 4, using the Galerkin
Method, with initial data vy € L%, and u = v = 0 on the boundary. Our bounded
result in three dimensions is slightly stronger then [16], by assuming vy € L? we
have only implied u € HZ.

Definition 4.1. A weak solution to the VCHE (1.1) with zero (no-slip) boundary
conditions on any open bounded set 2 C R™, n = 2, 3,4, with smooth boundary is
a pair of functions, u, v, such that

v € L¥([0,T]; L () N L*([0, T]; Hy(2))
Oy € L([0,T1; (Hy)' ()
as well as u|pq = v|pa = 0, v(x,0) = vy, and for any ¢ € L?([0,T]; H:(2)) with
¢(T) = 0 the following equalities are satisfied:
T T
/ < v,0:¢ > ds+/ <u-Vv,¢ > ds
0 0

T T
+/ <¢-Vu,v > ds+/ < Vv,Vo¢ > ds =< v, ¢(0) >
0 0

and for ¢ a.e.
<u,d>+a? <Vu,Vo >=<v,¢ >

Definition 4.2. A weak solution to the VCHE (1.1) in the whole space R", n =
2,3, 4, with initial data vg, is a pair of functions, u, v, where
v e L=([0,T); L5 (R")) N L*([0, TT; Hy (R™))
oy € L([0, TY; (HL) (™))
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such that v(z,0) = vg, and for any ¢ € L?([0,T]; H:(R™)) with ¢(T) = 0 the
following equalities are satisfied:

T T
/ < v,0i¢ > d5+/ <u-Vuv,¢ > ds
0 0

T T
+/ <¢.VU’U> d8+/ <V’U,v¢> d3:<U07¢(0)>
O O

and for ¢ a.e.
<u,d>+a? <Vu,Vo >=<uv,¢ >

Theorem 4.3. Given initial data vo € HM (Q),where Q C R™ is an open bounded
set with smooth boundary and volog =0 or Q =R", n=2,3,4, M >0, (H? = L2),
there exists a unique weak solution to the VCHE (1.1) in the sense of Definition
4.1 or 4.2 respectively. This solutions satisfies the estimate (3.4) as well as

t
(4.1) 107 V™ u(#)|13 +/0 107 V™ o (s)|3 ds < C(|voll ar)

for allm+ 2k < M.

Proof. Existence is given by Theorems 8.4 and 8.6 in the appendix. The regularity
statement is Theorem 8.8 and uniqueness is Theorem 8.9. We construct approxi-
mate solutions using the Galerkin method on bounded domains, and obtain uniform
bounds through energy methods. Using a compactness lemma we are able to find
a strongly convergent subsequence which allows the limit of the approximate solu-
tions to pass through the non-linearity. To extend to unbounded domains we solve
the problem in balls of radius R; (a sequence tending to infinity), and then in-
voke a diagonal argument. The regularity is then established through an inductive
argument relying on energy methods. O

Next, we will state a Corollary that describes the action of the filter and will be
used many times in the following two sections.

Corollary 4.4.
[0F V™ ull3 + 22 (|0F V™ a3 + ot |0y V2l = (|0FV ™ol
[OFV ™ ullf, + |05Vl < ClloyV™ ol
t
10FV ™ u(t)]|2 +/0 10V ™+ u(s) |17 ds < C(|lvo |l ar)

for all m + 2k < M, where C is a constant which depends only on «a,n, m, and k.

Proof. This is an application of the Gagliardo-Nirenberg-Sobolev inequality to the
bounds in the previous theorem. Differentiating the filter relation shows

OFV™u — 02OFV™ Au = OF V™
Squaring this relation then integrating by parts gives

107 V™ ull3 + 202 0F V™ ul3 + ot OF Va3 = [[9F V™13
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This is the first bound in the corollary. Applying the Gagliardo-Nirenberg-Sobolev
inequality to ||ul|, and using the previous equality shows

107 V™ )7, < Cllorv™ |3
loF V™ |7 < ClloFv™ |3

This is the second set of bounds. Combining this with the regularity bounds in the
theorem give the final set of bounds. O

5. LARGE TIME BEHAVIOR OF THE VCHE: NON-UNIFORM DECAY

In bounded domains it is easy to see that the energy of a solution decays expo-
nentially using the Poincaré inequality

lull3 < CQ)IIVul3
Indeed, start with the energy estimate (3.3) and apply the Poincaré inequality to
find
1d

§a(< u,u>+a2<Vu,Vu >) + C(Q)v(< U’U>+a2<Vu,Vu >) <0

This differential inequality implies
<u,u>+a? < Vu, Vu >< Ce™!

The situation in unbounded domains is more delicate. In this section it is shown
that solutions with data only in L2 decay to zero with no algebraic rate and this
is the optimal decay rate.

We will follow [18] to show that the solutions in the whole space, constructed in
Theorem 4.3, approach zero as time becomes large. The idea is to split the solution
into low and high frequency parts using a cut-off function and generalized energy
inequalities to show that both the high and low frequency terms approach zero.
The idea of splitting into low and high frequency was first used in [17].

Lemma 5.1. Solutions of the VCHE constructed in Theorem 4.3 with 0 = R"
satisfy the following generalized energy inequalities. Let E € CL([0,00)), ¥ €
C1([0,00); C* N LA(R™)), and ¢ € C1(0, 00; L (R™)).

(5.1)  E@)|[¢t) «v(t)]3 = E(s)|[¢(s) x v(s)|3 + /: E'(7)|[¢(r) * v(r) |3 dr
+2/:E(T) < (7) 0(7), () x 0(r) > dr
-2 f IV <o) R dr
_2/:E(T) < u- Vo, (r) 5 0(r) #o(r) > dr

- 2/ E(t) <v-Vul ,¢(t) x (1) xv(r) > dr
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(5.2)  E@)lD@0)o)3 =E(8)||1/3(8)@(8)||§+/ E'(1)[[$(7)o(7)|[3 dr

+2 / E(1) < ¢ (1)0(7), %(r)d(7) > dr
~2 [ B)lebwi) 3 dr
i / B(r) < Flu- Vo), §2()i(r) > dr

—2/ E(1) < F(v-VuT),0*(1)o(r) > dr

Proof. The proof of the first inequality is accomplished by multiplying the VCHE
by E(t)y * 1 x v then integrating by parts and in time. The second follows by the
Plancherel theorem and (5.1). O

Theorem 5.2. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R"™ and vy € L2(R™), then
(53) tim [o(t)2 = 0

Proof. We work in frequency space . We split the energy into low and high frequency
parts

(5.4) [2ll2 < [[oll2 + [|(1 — ¢)0]l2
where ¢ will be chosen below. To estimate the low frequency part of the energy,
begin with the generalized energy estimate (5.1), choose E(t) = 1 and

p(r) = = [P

Note that ¢ and F(¢) are rapidly decreasing functions for 7 < ¢ + 1, and since
' = || the third and fourth terms in (5.1) add to zero. Let ¢ = e~ l¢/* and apply
the Plancherel Theorem to see

~ 2 —s ~
lpo(0)[15 < [l =g (s)|3
t

(5.5) + 2/ | < % (u-Vo—ov-Vul),e22Ey(r) > |dr
Now apply the Holder inequality, Young’s inequality, and the Gagliardo-Nirenberg-
Sobolev inequality

| < @2 xu- Vo, 2 y(r) > | < |62+ u - Vollo[|e22u(1)|2

< ClI%| 2o lull_zo_ [ Volallv]2

(n+2) (n—2)

< C@)lvll2lVull2l[Voll2

Similarly,
| <@ xv- VT P20 Du(r) > | < |62 x v VT ||z o ()]
< Cl Q|| zny [0l 22 [Vull2]v]l2

[CEE) n-2)

< C@)vlzlVull2l[ Vol
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Using the triangle inequality, Holder’s inequality, and (4.1) in (5.5) yields

6(8)]13 < [leléF = p(s)|I3

t 1/2 t 1/
+20(8)]lwolla ( / ||Vu||§d7) ( / ||W||§d7)

Taking the limit ¢ — oo shows, since the first term on the RHS tends to zero,

2

1/2

00 1/2 0o
imsup 000 < 20wl ([ Ivugar) ([ Ivolzar)

The bounds (3.4) and (4.1) show ||Vul|3 and ||[Vv||3 are integrable on the positive
real line, so taking s — oo leaves

(5.6) lim sup [|$9(¢)[3 — 0
t—o0

To estimate the high frequency, start with the generalized energy inequality (5.2)
and chose ¢ =1 — 615‘2. Let A(t) = {¢: |¢] < G(t)}, then, use < u-Vv,v >=0
to replace 12 by 1 — 2 in the 5th term of (5.2).

(5.7)

+ / (E(r) — 2B(r)G3()) /A (1= ¢)o(r) de dr

e(r)

+2/ E(r)| < Flu- Vo +v-VuT), (1 - 92())i(r) > | dr
+2/tE(7')| < .7:(U~VUT),17(T) > |dr

Note that both (1—1[)2) and ¢ = F~! (1—152) are rapidly decreasing functions. Using
again Holder’s inequality and the Plancherel theorem, then Young’s inequality and
the Gagliardo-Nirenberg-Sobolev inequality leaves

| < F(u-Vo+ov-Vul), (1 —4(1)o(r) > |
=| <1 =P?* () Fu-Vo+ov-Vul),o(r) > |
<F A= 42(1) * (u- Vo +v - VuT)|fa]loll
< ClIL = Pl 2y (lull 22, Vo)l + 0]l 22 [ Vull2) [[0]]2
< C@)lvll2lVull2[ Vol

Similarly use Holder’s inequality with the Plancherel theorem, then the Gagliardo-
Nirenberg-Sobolev inequality, and Corollary 4.4 to find

| < F(o- V"), 0(r) > | < lo- Ve [l2]o]z
< Cllo]) 2o, IV ullallolla

< Cllll2/IVoll3
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Choosing E(t) = (14 t)? and G?(t) = 3/2(1 + t) with 3 > 0 sufficiently large in
(5.7), so that E' — 2EG? = 0, leaves

1= 210015 < S - 6y005)1

7'6 1
/ﬁ” 5 [, = enepacar

a+n”
+C||vo\|2/ [ IVollz([IVollz + [[Vull2) dr

Since |1 — qﬁ\ < |€)% if € € A(t) and ¢t is sufficiently large, therefore |1 — ¢[? <
(2/4(1 +t)?, and the second term on the RHS can be bounded as

/531“ [ b dear < [P o gar
A(7) iy

3 t
< Tll} [ 1+ ar

< P 2(1 —2
< §H00||2( + )

Letting t — oo shows

3
. N @ _
(5-8) lim sup [|(1 — $)o(t)|I3 < §|\vo||§(1 +5)7°

+ Cllvolla / IVo|2dr + / |Vu|2 dr)

Note that all integrals on the RHS exist due to (3.4) and (4.1), then taking the
limit s — oo proves
lim sup [ (1 — ¢)3(1)[}; = 0

Combining this with (5.6) and the Plancherel Theorem establishes the theorem. O

Corollary 5.3. Let v be the solution of the VCHE (1.1) constructed in Theorem 4.3
with = R"™ corresponding to vgp € H(R™). Then

1 t
lim f/ lo(7)l|a dr = 0
t—oo ¢ 0

Proof. Given an € > 0, since ||ul|z — 0 as t — oo we can choose a large s such that
|lullz < € for 7 > s. Then

t [ =1 [ taar+ 3 [ [ oiear

1 [° t—
(5.9) < n / lu(T)||2 dr + €
0

Note that € was chosen arbitrarily and let ¢ — oo to finish the proof. O

We have shown that the energy of a solution to the VCHE will tend to zero as
time becomes large, now we will provide a counter example to show that there is
no uniform rate of decay based only on the initial energy of the system. This is
analogous to a result proved in [23]. The idea is to take a family of initial data
with a parameter e that have constant L? norm, but norms of higher derivatives
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of the initial data can be taken arbitrarily small by picking e sufficiently small.
It is then possible to keep the norms of higher derivatives arbitrarily small in the
solution. Combining this with the energy relation (3.3) allows us to place a lower
bound on the energy of the solution which depends on €. By choosing € small we
can guarantee that a solution will remain away from zero for any finite amount of
time.

Theorem 5.4. There exists no function G(t, ) with the following two properties.
If v be the solution of the VCHE (1.1) constructed in Theorem 4.3 with Q@ = R™
and vy € L2(R™), then

[o]l2 < G2, [|voll2)

(5.10) lim G(t,3) =0 V3

Proof. Fix ug(x) to be any smooth function of compact support. Let uj(z) =
" ?ugex) and v§ = uf — a?Aug. Note that ||uflla = |luoll2 and [|[V™ug|l2 =
€™||Vug||2 for all € > 0. Also,

(5.11) [v§113 = [lugll3 + o[ Vug 3 + ol Augl3

= [lugll5 + €| Vug |3 + et || Augll;
and
(5.12) IVuslis = IVuglls + o® | Augll + o[V Augl3
= (| Vupll5 + a®€'f| Augl3 + ot |V Auglf3

From the two previous inequalities and Corollary 4.4 we obtain a constant C' =
C(|[uollzz), such that for all e >0

(5.13) vz < C
[Vo|3 < Ce?
Multiply the VCHE (1.1) by Aw, then integrating by parts yields
1d
2dt

The relation < u, Vv, v >= 0, the Holder inequality, Sobolev inequality, and then
the Cauchy Inequality shows

| <u-Vv,Av>|=](-1) < (Vu) Vv,Vov > |
< ClVulln[[Voll2 Vo] 2s)

Vo3 + v]|A%0]]3 =< u- Vo, Av >+ < Av - Vu,v >

< 28wl + O vul2 Vol
Similarly,
| < &v-Vu,v > | < Cll ool Vullafjo] 2,
< 28wl + C|Ivo 3 vul
This leaves
Ld

.14
(5.14) 2dt

v
IVoll3 + 11 Av]3 < ClIVol3Vully
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By (3.4) and Corollary 4.4,
o0
/O V|7 dt < fuglls + 11 Vugl3 < llogl13
This bound, combined with (5.14) yields
V03 < [[Wug 315l
Again, apply Corollary 4.4
€12
IVuel3 + o[ Auclfy < [[Voe|3 < ||V l5eIvolz

This together with the energy estimate (3.3) implies

1d,, . .
S L1+ 0 v ) = ~0e
Or,
(5.15) [l + o®||Vu|3 > [lugll3 + o Vug|l; — Ce’t

= |luo|3 + €2a®|| Vuol|3 — Ce’t
> |lugll3 — Ce’t

From this we can deduce that there is no function G(||ugl|2, t), continuous in ¢, which
approaches zero and depends only on ||ug||2 and ¢, such that ||ull2 < G(J|uol|2,t). If
there was such a function, then at some ¢ it would satisfy the bound G(]|ugl|2, to) <
|luo||2/2. By choosing e sufficiently small in (5.15), i.e. €2 < ||lugl|3/4Cto, we have
found initial data with a solution which cannot satisfy this estimate. [

6. LARGE TIME BEHAVIOR OF THE VCHE: ALGEBRAIC DECAY

Although there is no uniform rate of decay for solutions with data exclusively in
L?, we now show that there is a uniform rate of decay depending on the L? and
L' norm of the initial data. Moreover, using the Fourier Splitting Method it will
be shown that solutions in the whole space decay algebraically as ¢ — oo for initial
data in L' N HM, M > 0. The decay obtained is the same as for the linear part
(the heat equation). Note that the initial conditions can be weakened to require
only that vy € X where X = {vo|vo(t) < C(1+1t)"P} where vg(t) is the solution of
the heat equation with initial data vg. The decay rate will depend on the relation
between § and the number of dimensions. For similar results corresponding to the
Navier-Stokes equations see [26], [28], and [29].

The Fourier Splitting Method was originally applied to the NSE in [22]. In [23]
the decay rate was made sharp in dimension n > 2 through a bootstrap method and
logarithmic decay was shown for n = 2. In [30] the decay rate for n = 2 was made
sharp through a bootstrap argument involving the Gronwall inequality. In this
section we combine ideas from all of these papers in a slightly different way which
allows us to prove the optimal decay rate in dimensions n > 2 without appealing
to a bootstrap argument. This same argument is also applicable the the NSE.

The first goal of this section is to obtain a decay rate for the filtered velocity
u, which is accomplished by applying the Fourier Splitting Method to the natural
energy relation (3.3). This decay rate is then used with an inductive argument to
obtain decay rates for the unfiltered velocity v and all of its derivatives. We start
by finding estimates on ||0]| .
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Lemma 6.1. Let v be the solution of the VCHE (1.1) constructed in Theorem 4.8
with © = R™, corresponding to vo € L2 N LY(R™). Then,

e t ||u<s>||3)1/2 (/ t ||w<s>|§)l/2]

Where the constant depends only on the initial data, the dimension of space, and
the constants in the VCHE.

|F) <C

Proof. Use the identity
(6.1) Z V(uzvz) = Z u; Vu; + Z v; Vu,

and write the Fourier transform of the solution F(v) as

t -
f(v)zefut|§|2f(yo)+/ =9I g (e, 5) ds
0

where

V() =& F(r+ Y ww;) — F(uVo —uVo')
We would like first to bound ¥, in that direction we have the following estimates
[F (Vo —uVoT)| < Cllull2|[Vol2
Taking the divergence of the VCHE (1.1) shows
AT+ Z u;v;) = div(uVo — uVoT)
i

Using the estimate immediately above and the Fourier transform leaves

EF(m 4+ wivi)] < Cllullz| Vol

Now we can bound the integrand
(W (& )| < Cllull2l|Vvll2
Using the Cauchy-Schwartz Inequality,

Fol <+ 0 ([ uts)13as) - ([ 1wvisas)

The estimate |F(vo)| < ||vo||1 finishes the proof. O

1/2

Theorem 6.2. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R™, corresponding to vo € L2 N LY(R™). The solution satisfies the
“energy” decay rate

/ v-udr = ||u|\§ + a2||Vu||§ <C(t+ 1)*”/2
R'fl/

Proof. The previous lemma, with the bound (4.1), yields

(62) <ol )13 3



DECAY AND EXISTENCE FOR THE VISCOUS CAMASSA-HOLM EQUATIONS 13

Now we begin work with the energy estimate (3.3). Using the Plancherel Theo-
rem we rewrite it as
d
G [ avatiepiaceow [ jepaatlep)at s —o
dt Jgn Rn
Let B(p) be the ball of radius p where p? = f'(t)/(2vf(t)), and f is a positive,
increasing function to be specified later. Let E? = 4 -9 = (1 + o?|¢]?)42, then

d
— E2d§+2up2/ E?d¢<0
dt Rn BC(p)
or
d
(6.3) — | E? d§+2up2/ E?de < 21/;)2/ E?d¢
dt R n B(p)

Recall the relation between v and v, that is v = v — o/ Au which has Fourier
Transform 4 = 9/(1 + o2|£]?). Combining this with the definition of E and (6.2)
we see

per <c|i+ [ lusigas

Use this bound to evaluate the integral on the right hand side of (6.3)

t
E?d¢ < Cp*tr {1 +/ u(s)||§ds}
dt Rn 0

We now have a differential inequality which can be solved using the integrating
factor f to find

1\ n/2 t
Gt [ ea)<er(5) e [ sl

Choose f = (14t)"/?*1 so that f'/f = (n/2+1)/(1 +t)and integrate in time from
0 to r.

eyt [ pendacs [ Be0de o [ [ s a

Since [[ul|3 < [p. E? dE, after using the Tonelli theorem we can bound the integral
on the RHS as

[a+] a3 ds) de < [ [ s s) a

<r(l+ /O / E%(¢,5) d¢ ds)

d
— E%d¢ + 2vp? /

n

n

which leaves

(1+r)n/2+1 E2(§7r) dé < EQ(&O) d§+Cr(1+/r ||uH§ds)
R™ R™ 0

<C(l+r) +C’r/ E%(¢,s)d¢ds
0 Rn
The Gronwall inequality now shows

(L) /240 [ E*(&r)dé < C(1+r)exp(Cr / (14 5) 2 )
R 0
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Note that for n > 2,
r/ (1+s)*lds<C
0
Applying the Plancherel Theorem one more time finishes the proof. U

Next we work out of order and establish the decay rate for the homogeneous H*
norm of v using a similar argument as the previous theorem.

Theorem 6.3. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R™ corresponding to vo € H: N L*(R™). The solution satisfies the
decay rate

Vol < C(t+ 1)1 /2

Proof. Multiply the VCHE by Aw, use the relation (6.1), integrate by parts then
use the Holder inequality to obtain
1d
2 dt
After using the Sobolev inequality, Corollary 4.4, and the previous theorem, this
becomes

IVoll3 + vl Av]l3 < Cllullal| Vol 22,

AUHQ

1d )
5@”%”3 +v|Av|3 < CA+6)7|Av]3

We will now restrict ourselves to ¢ large enough so that C'(1 +¢)~! < v/2, which
leaves

d
Vol + vl Avf3 <0

We now apply the Fourier Splitting method as in the previous theorem. Let B(p)
be the ball of radius p where p? = f’/(vf) and f is a positive increasing function
to be specified later, then, using the Plancherel theorem,

d, . . . N
IOl +vloll <vot [ o
B(p)

Lemma 6.1 with Theorem 6.2 imply

o) < © [1 + </0t(1 + 5)"/2d5> (/Ot ||Vv||§ds)}

This bound with the previous line leaves

d t t
gl +vilcit < oot [ ([ zas) ([ il as)
0 0

Set f=(1+ t)”/2+2 and use it as an integrating factor

(arorme) <cli ([avomas) ([ 1vise)]

Again, as in the previous theorem, integrate in time from 0 to r, then use the
Tonelli theorem and the Plancherel theorem

(1+ )22 Vol2 < C(1+7) (/ (/Ot(1+s)n/2 ds> dt) /O 1V0(s)[2 ds

The Gronwall inequality now shows

(14 )22 Vo2 < C(1 +r)e?



DECAY AND EXISTENCE FOR THE VISCOUS CAMASSA-HOLM EQUATIONS 15

Where

A= ([ ([aroea) a) ([arae=a)
R ([ ([arorea)a) ([ aroa)<c
hence,

IVo(r)|3 < C(L+r)—/2
O

Corollary 6.4. Let v be the solution of the VCHE (1.1) constructed in Theorem 4.3
with Q = R"™, corresponding to vg € L2 N L*(R™). Then,

|Fv)| <C
|F(u)| <C
Proof. Lemma 6.1, Theorem 6.2, and 6.3. O

Theorem 6.5. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R™, corresponding to vo € L2 N L*(R™). Then

lol3 < Ot + 1)~/
Proof. In Theorem 6.2 we have shown that
(6.4) lull3 + o*[[Vull3 < Ot + 1)~/
Differentiating the Helmholtz equation, then squaring and integrating it shows
IVull + 202 V2ull3 + o[ V2ull3 = [ Vol3
Combining this with Theorem 6.3 leaves
IV2ull5 < Ot + 1)~/
With (6.4) we see
loll3 = llull3 + 20| Vull3 + a*[| Aull; < C(t+ 1)~/
O

We now turn our attention to a more general situation involving the Fourier
Splitting Method. This next theorem will be used in the remaining decay proofs.
Theorem 6.6. Let [|[V"w(0)||2 < co. Given an energy inequality of the form

1d
5o IVl + v 9w} < L+
and the bound
(&, 0)] < O(1+1)

which holds for || < V(lit), we can deduce the asymptotic behavior

IV wl3 < € [(1+ 67220 4 (144747
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Proof. We proceed directly with Fourier Splitting. Apply Plancherel’s Theorem
and break up the integral on the LHS.

1d

3 €0l + vt l€hal < v [ e oy

2dt B(p)
Choose, for some large d,

d
2 _
= v(l+t)

Then, using the assumption for the bound on w and performing the integration on
the RHS we have

d

A+ emd]F) < € [+ 4 (1 gyt
Integration in time and another application of the Plancherel Theorem now finishes
the proof. |

As a first application of the above theorem, we will compute the decay rate for
all spacial derivatives for solutions of the VCHE.

Theorem 6.7. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R™, corresponding to vo € HX N LY(R™). These solutions satisfy the
following decay rate for allm < K

V™3 < Ot + 1)~/

Proof. The cases m = 0,1 are Theorems 6.5 and 6.3 respectively. To prove the
remaining cases, we first find an inequality in a form suitable for Theorem 6.6, then
using inductive arguments establish decay. Having previously established regularity
of solutions, we proceed formally. Let M < K and multiply the VCHE (1.1) by
AMy and integrate by parts to find

d
ﬁHVMvH% + || VM) < Taro + Jaro

where

M
M
Lio=Y (m) < UMy VML MMy,
m=0

Tuo= 3 (Mqﬁl) < VML gty M omy,
m=0
Using the Holder inequality, the Sobolev inequality, Corollary 4.4, and the Cauchy
inequality we find

M
Ingo = C Y V™ ulla[ VM0 20 [V 02
m=0

< ClwIBIVY*1ol3 + ClI Vo3V oll3

M
v
+C 3 VBV 4 XA

m=2
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We treat the other term in a similar way.

M—1
Taro < C Y IV o[V o[V 0| 2,
m=0
< ColBIIVY*1oll3 + ClIVo 31V ol
M-1 y
+C Y VTl VMl + SV ll3
m=2
Together, this leaves
d v
(6.5) IVHIE + IV o]3 < Clll3 VA oll3
+C[Voll3I V)13
M
+O Y [Vl 3
m=2

The remaining part of this proof will proceed by induction where the base case is
Theorem 6.5 and 6.3. We assume that the decay

IV™ol3 < Ot + 1)/
holds for all m < M and will show that it holds for m = M. Apply the inductive
assumption to (6.5) to find
d v n
(6:6)  —IVMol3+ ZIV o3 < C(1+1) VM3
+C(L+ )2 VM3 4+ C(1 4 1) M2

For t large enough, we have C(1 +t)~"/2 < v/4. Then, subtracting the first term
on the RHS, (6.6) becomes

d v 1en

DI04 Loz < £+ TS

+C(1+t)~M-—n/2

The next step is to apply the bound |[VMv||2 < C (Theorem 4.3) with Theorem
6.6 to obtain the decay rate
IVMol|3 < C(1+8)7/

Continuing with a bootstrap argument, placing this new bound into (6.6) and again
using Theorem 6.6 the optimal decay rate is obtained and the proof is complete. [

The next goal is to extend the decay results to time derivatives of the solution. To
begin, we will compute a frequency bound for the spacial derivatives of solutions to
the VCHE. This next lemma will be used inductively with Theorem 6.6 to compute
decay rates for the L2 norm of all time derivatives.

Lemma 6.8. Let v be the solution of the VCHE (1.1) constructed in Theorem 4.8
with = R™, corresponding to vg € H: N LY(R™). For P > 1, if

0PV u]3 < C(1 4 1) 202
forallp < P and m = 0,1, then
0o <Cc1+1)7"
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for € < sty
Proof.

t
f(v):e—t|€|2f(v0)+/ e~ (=N (¢ ) ds
0

where

U(Et) = +Z§J (ujv +vajvu,

/fts (tt)+/otafg;’3)ds

P-1

OF F(v) = (=1)71€PPe 1" Fuo) + - (—Ie) P Papw(s,1)

p=0

t
+ [lepyre (e s)as
0
We bound ¥ similar to Lemma 6.1, but using the assumption.

V(& t)=0PA+0'B+0rC

Using the chain rule

shows

|07 Al = |07 Z &F (ujv)

p
< Clellofoll2o7 " vll:
=0

< ( ) p—n/2—1/2

07 B = |0F Y F(v;Vu])]
j
p

Z 10}vll2]10F =" Vo2

( ) p—n/2—1/2

I /\

107 C| = |07 §F ()|
< |0f Al + 107 B
< C(1+t)fp7n/271/2

Using the bound |¢| < C (Corollary 6.4) and [£| < we have

NG <1+t>
(6.7) |ofo| < c(14+4)~F

Note that the conclusion for P = 0 is true by Corollary 6.4.



DECAY AND EXISTENCE FOR THE VISCOUS CAMASSA-HOLM EQUATIONS 19

Theorem 6.9. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with Q = R™, corresponding to vo € HX N LY(R™). These solutions satisfy the
following decay rate for allm+2p < K

07903 <t + 1)~
Proof. This proof follows closely the proof of Theorem 6.7, we first find an inequality
in a form suitable for Theorem 6.6, then using inductive arguments we establish

decay. Choose P and M such that 2P + M < K, then apply 9} to the VCHE
(1.1), multiply by 9 AMv and integrate by parts to find

d
EH@PVMUH% + |0 VM3 < I p + Jup

where
P M y
Inyp= Z Z (p> (m) < PV - P WMLy M mm PPy
p=0m=0
P M-1 o
Jup=>_ > (p) ( m ) < P VMY . VPV ™y, o TPV My >
p=0 m=0

or, in the case M = 0,

p
Jo.p = Z (5) < dfv-VoPu,of v >
p=0

As before, use the Holder inequality, the Sobolev inequality, Corollary 4.4, and

the Cauchy inequality we find for M > 0
P M
Inp = C Y Y 07V ™ ullnl|0f PV 0| 2 (|07 VM 0|2
p=0m=0

P P
< OY _lopol310, 7PV ll3 + C Y 108V oll3]0] P VM ll3

p=0 p=0
P M v
+CY Y oV rel3 0 TPV M |5 4 ZHavaJrlng
p=0m=2

Similarly for the second term if M > 0,

P M-1
Tap <CY Y 0PV || [0P VT 0] TPV M| 2
p=0 m=0
P P
P— P—
<O Napl3lo7 VM |3 + ¢ lorvl3lio] TPV M ol3
p=0 p=0
P M-1
pom—1, 1211 aP—poM+1-m, 12 |, Y 9P M+1, (2
+CY N llorvThel3lloy v vllz + 10 VIl
p=0 m=2

In the case M = 0 these estimates become

P
_ 14
Iop+Jo,p < CY_||0Fv]31107 ~"Vll3 + 1107v0l3
p=0
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Combining these two estimates we have shown in the case M > 0
(6.8)

P
d 14 P—
allafVlelg + 507 v |3 < O llopvlzlof VMol

p=0
P
+C Y orvoll3)o, VM3
p=0
P M
+CY N VT re|3)0f TPV M 3
p=0m=2
and in the case M = 0 that
P
(69) LloPvl3 + SN0l < 0 S Iapellof PVl

p=0
We now begin the inductive part of our argument where the base case is Theorem
6.7. Pick P < K/2 and assume the decay

(6.10) 107 V™3 < C(t + 1)~ 2Pmn/2

holds for all p < P and m such that 2p + m < K. We will show that the decay
holds for p = P with m such that 2P +m < K. To prove the inductive claim, first
it will be shown the the decay rate holds for p = P and m = 0 using (6.9). Then,
using (6.8) it will be shown that the decay rate holds for the remaining values of
m using another inductive argument.

To establish the decay for p = P and m = 0, apply the inductive assumption to
(6.9) to find

d v —-n —2P—1-n
0703 + 5107 V0llE < C+ )20 Vo3 + C 1+

Again, take t large enough so that C'(1 4 ¢)~"/2 < v//4 and move the first term on
the RHS to the left side

d
0P ol3 + S 107 Voll3 < C(1+ 672071

Now, an application of Theorem 6.6 with Lemma 6.8 establishes the decay (6.10)
for p = P and m = 0. This is the base case for the next inductive argument.
Assume the decay (6.10) holds for m < M + 1 when p < P, and m < M when
p = P, we will show that this implies the decay holds for m = M and p = P.
Proving this inductive claim will finish the proof. Begin by applying the inductive
assumption to (6.8) to see

d

ﬁuafv%ng + guava“ng <C(+t)2 |0 VM |3
+ C(1+ )2 Yo v My||2
+C(1+t)" - M-n

Take ¢ large so that C(1+¢)~"/2 < v/4 and move the first term on the RHS to the
LHS. Then apply Theorem 6.6 with Lemma 6.8 to establish the decay rate

(6.11) 1079 0|2 < C(t + 1)~/
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Another bootstrap argument gives the optimal decay and finishes the proof. O

7. CONVERGENCE OF THE VCHE TO THE NSE IN THE WHOLE SPACE

A solution u of the Helmholtz equation corresponding to v will approach v weakly
as the filter parameter tends to zero. Indeed, fix v € LP(R™) and let o be a
sequence tending to zero. By the above theorem, for each « there is a weak solution
Uy € WHP(R™) of the Helmholtz equation such that

/ua-¢dm—|—a2 Vua-quda::/ v-pdr

The functions u, are bounded in L?(R™) independent of «, so there exists a sub-
sequence «; and a weak limit in LP(R™). Also, for 1/p+1/g=1

Rn

o? VU Vedz < 2 [[Vull,[[Velly < Cn)a2(lo]l, ][Vl
which approaches zero as & — 0. This proves that u, — v in LP(R™). We can
actually do better then this if v is sufficiently differentiable.

To begin we state a theorem concerning the Helmholtz equation in all of space,
the theorem is standard elliptic theory and no proof is given. This theorem can be
proved using elliptic estimates and interpolation or if one multiplies the Helmholtz
equation by e7/ o® and divides by a? it can be thought of as the heat equation and
the bounds follow from estimates on the heat kernel.

Theorem 7.1. Given v € LP(R"), p € (1,00), there exists a u € WHP(R™) that is
a weak solution to the Helmholtz equation u — o*/Au = v. Moreover, this function
satisfies

[ull, < lollp
C(n,p,q) nl 1
[ullg < it vl for v = 5(5 - 5) <1
C(n,p,q) n,1 1 1
< —_— = — —_——— —_
IVl = SELD ol for 3= 56— 1) < 5

Ifn(2/p — 1) < 1 then the solution is unique.

Theorem 7.2. Let v € WEP(R™) and let u be the corresponding solution to the
Helmholtz equation u — a?/Au = v. Then
- n,1 1 1
Ju =l < Clnpa)a 2ol for 3= 50— < 5
If a is a sequence tending to zero and u, are solutions the Helmholtz equation, then
Uq — v strongly in LY(R™) for 1/p—1/q¢ < 1/n.

Proof. If u and v satisfy the Helmholtz equation, then
(7.1) lu—vllq < a®[[Aul,
The Helmholtz equation is linear, so the derivatives of the functions obey the rela-
tion
Vu—a?AVu = Vv
Applying Theorem 7.1 to this PDE with the restriction on  allows the bound

C(n,p,q)

HAUHQ S 013/2+'7

IVoll
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Together with (7.1), this shows
lu—=vlly < Cn,p,q)a">77 (Vo]

The second statement is an immediate consequence of this and the fact that u, — v
in LP(R™). O

In [9], [10], the authors show how the solutions of the VCHE approach a solution
of the NSE weakly when the parameter in the filter tends to zero (o — 0). We will
show how solutions to the VCHE approach solutions to the NSE strongly as o — 0
when the solution to the NSE is known to be regular. The proof requires estimates
on the solution of the VCHE which are independent of «, but in regions of time
where the NSE is known to be regular by some functional analytic arguments, the
passive bound on the filter make this assumption reasonable.

For example, solutions of the Navier-Stokes equation obey the Prodi Inequality
19]

d n
ZIvul} < CIvul

This can be used to prove existence of a strong solution in some time interval [0, T.
The Prodi inequality is proved through energy estimates, using the passive bound
for the filter in Theorem 7.1 and following the same energy arguments allows the
same bound for solutions of the VCHE. This bound will be independent of «, so
we can apply the following theorem to conclude that in some closed interval [0, T
the solution of the VCHE approaches a solution to the NSE strongly.

Theorem 7.3. Let v be the solution of the VCHE (1.1) constructed in Theorem
4.8 with © = R", corresponding to wo € HL(R™). If Let w be the solution the NSE
with initial conditions wy. In any time interval [0,T] where a solution to the NSE
is known to be regqular, if there exists a bound

sup ([[valli + [[Vvall)) <C
te[0,7]

which is independent of «, then v, approaches w strongly in L ([0,T], LY(R™)) as

a— 0, whereq:%.

Proof. We begin with a mild form of the solutions to both problems. Since we are
working in a time domain with known regularity, these are the unique solutions. Let
w be the solution to the NSE and v the solution the VCHE with initial conditions
wo. If P is the Leray projector onto the divergence free subspace of L? and ® is the
heat kernel, then

w(t) = D(t) * wo —/0 Ot —s)*xPlw - Vw] (s)ds

v(t) = @(t) * wo — /Ot Ot —s)*P [u -V + Zuvaj} (s)ds

By adding and subtracting cross terms we see

w(t)—v(t):—/o B(t — ) % P[(w—u) - Voo +u - V(w —v)]

+Pu;V(v; —w;) + (u; —w;)Vw;] (s) ds
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We bound the first term in the integrand using Young’s inequality and the definition
of the projector

19(t — ) * P [(w — ) - Vool (3)]lg < 192 — 8)l|pll(w — ) - Ve
< @t — )l — ullyl| V]

where 1/¢g+1=1/p+1/2 and 1/2 = 1/q + 1/I. Then using Theorem 7.2 with
v=1(1/2—-1/q)n/2 < 1/2 we obtain

[t =)+ P [(w —u) - V] (s)]lq < [[@(F =) |p] Vel (Ilw —ollg + Cal/Q’”HWHz)

The fourth term can be bounded in essentially the same way. We approach the
second term in a slightly different way, first by passing the derivative to the heat
kernel. These functions are smooth functions of the whole space so the projector
will commute with the derivative.

[B(t = s) * Plu- V(w—=0)l[lg = [[VO( —5) «Pu- (w—v)]q
Then by using Young’s inequality and the definition of the projector
[t =) * Plu- V(w—0)l{ly < [[VO(E = s)lpllufillw = vl

To bound the third term, start with the product rule and again pass the derivative
the heat kernel

[@(t = 5) * P u;V(v; —wy)] llg = VO = s) P luy(w; — )] g
2 = 5) P [V (w; —vj)l g
Then, using Young’s inequality and again the definition of the projector

1t = )P [u;V (v — w;)] [lq
< (IVe(t = s)llpllwslle + 12 = $)llpVuillo) l[w; = vjllq

Putting all of these bounds together and estimating the heat kernel yields

i
_ 1
o= wly < 40274 B [ oslfo — wl(s) ds

t
A c/ IV0lla ds
0

B=0C sup ([|[Vwlli+ [[ulli + [Vull)
s€[0,T]

Here, § = 1/2 4+ (1 — 1/p)n/2 < 1 by the assumption ! > n. Application of
the Gronwall inequality finishes the proof. For example, the modified Gronwall
inequality by M. E. Schonbek and T. Schonbek [25] now shows

v —wly < Aat/?=7Y(BT(1 - 8)t°)

T=) = nz;o T(n(1—20)+ 1)

See also [1]. Letting o — 0 we see that v — w strongly in LI(R?). O
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8. APPENDIX

Here we construct a weak solution to the VCHE. Due to the close relation be-
tween the VCHE and the Navier-Stokes equation, our proof is similar to known
existence proofs for the NSE. See, for example, [1], [2], [7], [13], [15],[27]. First, we
construct solutions on any bounded 2 with smooth boundary using the Galerkin
method, this is where the Stokes operator is known to be compact thanks to the
Poincaré Inequality. Special care is taken to use only inequalities which do not
depend on the size of € so that we can use these solutions to prove existence of a
weak solution in unbounded domains. The only step that requires 2 bounded is
in the compact inclusion used to obtain the strong convergence necessary to pass
limits through the non-linear term. This problem is overcome by working in the
compact support of the test functions.

To begin we note a standard but useful elliptic estimate.

Remark 8.1. Let 2 <n <4 and €2 C R™ be an open set with smooth boundary. If
u € H2, and v € L2 satisfy the Helmholtz equation

u—a’Au=v
on 2, then

[ulln < Cllv]2
[Vulln < Cllv]l2
where the constants C' depend only on «, €2, and n.
The stationary Stokes equation
Au+ Vp=v
ulaq =0

is known to have a solution u € H1(Q) for each v € L2(£2) when € is an open
bounded set. Let A : LZ(Q) — HL(Q2) be the operator defined by solving this
PDE. Composing this with the compact inclusion H1(Q) — L2(£) gives a compact
and self-adjoint operator. Owing to spectral theory, it has a countable number of
positive eigenvalues \;, and associated smooth, divergence-free eigenfunctions wj
which form a basis for L2(Q). These functions satisfy the relation

—Awi = )\iwi

Lemma 8.2. Let Q@ C R" be an open bounded set and {w;}32, an orthonormal
basis of L2(Q) where each w; is an eigenfunction of the Stokes Operator on Q. The
associated eigenvalues are all positive real numbers and the eigenvectors are smooth
and approach zero on the boundary. Let H,, = span{wi,...,wn} and let P, be the
orthogonal projection Py, : L2(Q) — H,,. Given vy € C§°(Q), for each m there is
an approrimate solution

m
Um =Y gim(Dw;
j=1

and
m

_ gim (t)
tm = - 1+ a2/\j Wi
j=1
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These approzimate solutions are defined on some time interval [0, T,,] and satisfy
the following relations

(8.1) < OUm,wi >+ < U - VUm,w; > — < Wi VU, Uy > =V < AUy, w; >
Um(0) = P
Proof. To determine the scalars g;,, we construct a system of m ODE’s.

dgim

0 + vAiGim
+ %(<wk~Vu}j,wi>7<wi'Vu}j,wk >)=0

jyk=1
Local existence of solutions to ODE’s give existence of solutions g;,,, which are
defined for some time interval [0, T},]. O

The bounds in the next lemma will prove that T}, can be bounded independent
of m, and in fact T;, = oo for all m.

Lemma 8.3. For 2 < n <4, the approximate solutions constructed in Lemma 8.2
have the following bounds, which do not depend on T, £ or m.

[omll Lo (0,722 (9)) + IVUmll 20,7122 (2)) < C(ny v, Jvo[2)
10cvm | L2 jo,7): (12 ) (2)) < C(ns v, [l l2)

Proof. Similar to formal multiplication of the VCHE (1.1) by u, multiply (8.1) by
ﬁgim, sum, then apply Lemma 3.1 to see

T
3 + 02 [ Vet 3 + 20 / |V |2t
0

(8.2) + 2a2V/OT [Aumlf3 dt = [luoll3 + o[ Vuoll3
This is the first bound in the theorem. Using 8.1 we can deduce
oo
(8.3) w17 +/0 [Vumlly dt < C(n, a, v, Juoll2, [|Vuoll2)
To bound the derivative start with (8.1). Any ¢ € H! can be written as a sum
of the w; so each approximate solution satisfies
< O, @ >4+ < Up - VU, ¢ > — < ¢ VU, um >=1V < Ay, ¢ >

After integration by parts and applying the Holder inequality with the Gagliardo-
Nirenberg-Sobolev inequality we find

| < 0om; ¢ > | < Cllumlln[Vomll2[[VEll2 + ClIVoml2[Volla
We can now conclude
10com| (1) < Cl[tmln[[Vomll2 + [[Vomll2)
This, together with (8.2) and (8.3), proves the second bound in the theorem. O

Theorem 8.4. Let Q) € R", 2 < n <4 be a bounded set with smooth boundary and
vo € C°(2). Then, there exists a weak solution to the VCHE (1.1) in the sense of
Definition (4.1).
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Proof. Thanks to Lemmas 8.2 and 8.3 we only need to prove the convergence of the
approximate solutions. Lemma 8.3 shows how the sequence v, remains bounded,
so using a possible subsequence and the Banach-Alaoglu theorem, there exists a
function

v € L(0,T]; L2(2)) N L([0, T; HA ()
dhv € LX((0,T; (H2)'(2)

such that
(8.4) Vm — v in L2([0,T); L2(Q)) weakx*
(8.5) U — v in L2([0, T]; HX(Q)) weakly

We will now show that v is a weak solution to the VCHE (1.1).
By the construction of our approximate solutions and integration by parts, we

know for any basis vector w; € L2(2) and any smooth scalar function of time ¢; (%)
such that ¢;(T) = 0,

T T T
/ <vm,¢’wj>d5+/ <u~Vv,¢wj>ds+/ < ¢wj - Vu,v > ds
0 0 0

T
+/ < Vu,Véw; > ds =< v, (0), p(0)w; >
0
The convergence (8.4) and (8.5) implies
t t
/ < U, Phwj > ds—>/ <, Piw; > ds
0 0

t ¢
/ < Vg, 9;Vw; > ds — / < Vv,¢;Vw; > ds
0 0

Also,
(86) < Um(()), ¢j (0)(4)]' >=< Pm(vo), ¢j (O)(-L)j >—< 1, ¢j (O)L«Jj >

Passing through the non-linear terms will require strong convergence, so we use
the fact that the bounds in Lemma 8.3 imply (see [7], Lemma 8.2) the existence of
a possible subsequence v,,, such that

(8.7) Vm — v in L2([0,T); L*(R)) strongly
By Theorem 7.1, there is a function u which satisfies
u—olAu=v
Recall the construction of u,, in Lemma 8.2 to see
= ull3 + o[V (um — )3 + [ V2 (um — w3 = v — 3
In particular, applying the Gagliardo-Nirenberg-Sobolev Inequality shows
[ — “HEL < Cllvm — U”%

This, with the strong convergence (8.7), shows how u,, approaches u strongly.
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We can now prove the convergence of the non-linear terms
T T
/ <um-va,¢jwj>ds—>/ <u-Vu,p;w; > ds
0 0

t t
/ < Qjwj - VU, Uy, > ds —>/ < ¢jwj - Vv, u > ds
0 0
Indeed, adding and subtracting the cross terms, then using the Holder Inequality,

the Gagliardo-Nirenberg-Sobolev Inequality

\<um'va,¢wj>—<u~VU,¢jwj>|§A1+Bl

A = | < (um _u) 'vvmv¢jwj > |
< um = ullnl[Vomll2[@jw; || 22,

< lom = vll2l[Vom 2l ¢; Va2

Due to the strong convergence (8.7) the bound in Lemma 8.3, and the Holder

inequality, we see that
T
/ A;ds — 0
0

By =[<u-V(vm—v),¢jw; > |
= | <u-Vojwj, (vm —v) > |
< Nullnllg; Vew;]| 2o
< Cllvll2ll¢;Vw; || 2o,

Similarly,

U, — V|2

[om — ]2

Again, owing to (8.7), Lemma 8.3, and the Holder inequality,

T
/ Bldsﬂo
0

T T
/ < U * VU, Qjw; > ds—>/ <u-Vu,pjw; > ds
0 0

This shows

The remaining non-linear term is handled in a similar way

| < pjw;j - VU, Uy, > — < ¢jw; - Vo,u > | < Ay + By

Ay =| < @jwj - VU, (U —u) > |
< 116501 2o [V 0mlla =l

< Cllg; Vwill2[|[Vom l2]lvm — vl|2

By =| < ¢jwj - V(vm —v),u > |
=| < ¢jwj - VU, Uy, — v > |
< lgjwill 2o llvm = vll2l[ Vel
< Cllo;Vwlallom — vll2fvll2
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Applying (8.7) with Lemma 8.3 and the Holder inequality shows

T T
/ < @jwj - Vo, Uy, > ds — / < ¢jw; - Vo, u > ds
0 0

Since the w; are dense in L2 and ¢; is an arbitrary smooth function, we have
completed the proof. O

Corollary 8.5. The conclusions of Theorem 8.4 hold with the relaxed hypothesis
Vg € Lg (Q)

Proof. Note that all of the bounds attained in Lemma 8.3 and used in the proof
of the previous theorem depend only on the L? norm of the initial data. Let
vy € C§°(Q) be a sequence of functions approaching vg strongly in H} such that
o]l ezy < llvoll

Such a sequence can be constructed using standard mollifiers and cutoff functions.
Considering each vj, as initial data, Theorem 8.4 and its corollary give the existence
of a weak solution v* in the sense of Definition 4.1. Applying (8.3), we see that
these weak solutions satisfy the bounds

[0 )| Loe 0, 73522 () + V0" 220, 73522 () < C(n, @, v, vl 2)
020" | L2 (0,77 (112 )y (2)) < Cms v, v, [Jvo]|2)
and for each ¢ € H! the relation
(8.9)

/ <", 0i0 > d8+/ <u' Vo' ¢ > ds
0 0

+/OT < ¢-Vui,vt > d5+/OT < V',V > ds =< vy, ¢ >
As before, using the Banach-Alaoglu Theorem and extracting a possible subse-
quence implies that there exists a function
v e L2(0,T]; L2(9)) N L2([0, T); HA(©)
O € L2(0,T; (HL)(2))
such that
v — v in L*°([0,T); L2()) weakx
v' —wvin L2([0,T]; H:(Q)) weakly

Passing the limits through (8.8) follows by the same steps as in the proof of the
previous theorem. ([

Theorem 8.6. Let vy € L2(R™) Then, there exists a weak solution in the sense of
Definition 4.2, with initial data vy in the whole space R™, 2 < n < 4.

Proof. Let R; be a sequence tending to infinity and y g, a smooth cutoff function
which is equal to 1 inside the ball of radius R; — € and zero on the boundary of
the ball with radius R;. The corollary to Theorem 8.4 now gives existence of a
weak solution v% on the ball of radius R; with initial conditions voxg,. Extend
v¥i to all of R” by setting it equal to zero outside the ball of radius R;. All of the
bounds in Lemma 8.3 were found independent of the size of 2, so here they hold
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independent of R;. Using the Banach-Alaoglu Theorem we have the existence of a
function
v e L2([0,T]; L7 (R™)) N L*([0, T]; Hy(R™))
v € L*([0,T]; (Hy)'(R™))

such that
(8.9) vl —~ v in L°([0,T]; L2(R™)) weakx*
(8.10) vl —~ v in L2([0, T]; HE(R™)) weakly

There exists an orthogonal basis {¢;} for L?([0, T]; (R"™)) where each function in the
basis is smooth and has compact support in space. For R; larger then the support
of ¢, Theorem 8.4 with it’s corollary show

T T T
/ <URi,at¢> d8+/ <uRi-v’URi,¢> d8+/ <¢ Vu i ’U ‘> ds
0 0 0

T
+/ < Vol V¢ > ds =< vy, ¢ >
0

The limit m — oo can be passed through the linear terms just as before. In the
support of each basis function ¢;, we have the strong convergence to pass the limit
through the non-linear terms. A diagonal argument shows this convergence holds
as R; — oo. O

In the above existence theorems, the pressure term can be found by either taking
the divergence of the VCHE and solving the Poisson equation, or using a famous
result of de Rham. See, for example, [27].

Theorem 8.7. The solution to the VCHE constructed in Theorems 8.4 and 8.6,
with initial data in vo € HE, satisfies the bounds

t
(8.11) VM2 + / VM2 < Cln e, ol )

forall M < K.

Proof. We will do the calculations formally and note that these bounds can be ap-
plied to the approximate solutions constructed in Theorem 8.2. This proof proceeds
by induction. The inductive assumption is that the following bound holds for all
m < M.

T
IV™of3 + / V™| dt < C
0

The base case (m = 0) is true by Lemma 8.3, we will now show that it holds for
m = M which will prove the theorem. First note, using 8.1, that the inductive
assumption implies

T
IVl + [ e < 0
0
Multiply the VCHE (1.1) by AMv and integrate by parts to find

(312) 3 IV M3+ AR < T+
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M
=3 (M) < 97u 9YM T, T >
m=0
M
T =Y (M) < VMo 99, VI >
m=0
The two integrals on the RHS are estimated essentially the same way. The key
difference is that in the first one we use the relation < u - Vv, v >= 0 while in the
second we can place an extra derivative on u.
With application of < u, Vv,v >= 0 the first bound becomes

M
M
Iy = Z (m) < V™My - VVM=my My >
m=1
Holder’s inequality, the Sobolev inequality, and Cauchy’s inequality show

M
Ing < C Y IV ulln [V 0o [ VM0 20
m=1
M v
<CY VMUl )3 + 21Vl

m=1

Similarly for the second term

M
Tar £ C Y IVl 2 IV o[V 0

m=0

M
v
< JIVMTF+C Y IVl V3

m=0

Equation (8.12) now becomes

M
d om M-
ZIVMlE < O Y 9l [Vl
m=0
The Gronwall inequality with application of the inductive assumption finish the
proof. ([

Theorem 8.8. The solution to the VCHE constructed in Theorems 8.4 and 8.6,
with initial data in vo € HX, satisfies the bounds

t
(8.13) nwv%ﬁ+/n£vm%@sammummy
0

for all M +2P < K.

Proof. To prove this, we will bound the time derivatives of the solution in terms
of the space derivatives, then use the previous theorem to establish regularity. We
will do the calculations formally and note that these bounds can be applied to the
approximate solutions constructed in Theorem 8.2.

Apply 07 VM to the solution of the VCHE, from this we have the inequality

1071V Mo < C(10f VM0l + (107 VM (u - Vo)[3 + 107V (v - VT 3)
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Using the Gagliardo-Nirenberg-Sobolev inequality and 8.1 we can bound the first
term on the right hand side as

P M
p M m - —m
10F 7 (- Tl =30 3 (P) (W) lorwalzlof 7+l

P M
CY D lorvmol3)9, VM3

IN

Similarly for the second term,

P M
p M m - —m
10F 7 (o Va3 =30 3 () () It v ull jor v ol
p=0m=0
P M
<O Y IV flaf Ty

p=0m=0
We can now deduce that
1079 M 0ll3 < ClOF vl s
This implies, for all M, P, such that M 4+ 2P < K
10F VM]3 < Clloll3

Appealing to Theorem 8.7 finishes the proof. (I

The previous theorem demonstrates how the norms ||v||g= and ||v||gm+1 can be
bounded in terms of ||vg||gm=. Since the PDE is parabolic we can expect regularity
from interior estimates but the bounds will not depend explicitly on the initial
conditions.

Theorem 8.9. The solution to the VCHE constructed in Theorems 8.4 and 8.6 is
unique.

Proof. Let v and w be two solutions to the VCHE 1.1 with the same initial condi-
tions. Let u and w be the corresponding “filtered” velocities. The difference solves
the PDE

(v—w) —vAW—-—w)+Vp+u-Vv—w-Vw+v-Vul —w- -Vl =0

with zero initial conditions. Multiplying this relation by v — w and integrating by
parts leaves

1d
sglv —wlE+vIVE - w)ll =< (v -w) - Vw, (v - w) >
+<(v—w) Vu—-w),v>

+<(w—w) Vwv—w>
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Using Holder’s inequality, the Gagliardo-Nirenberg-Sobolev inequality, Cauchy’s
inequality, and (8.3), estimate the RHS

< (u=w)-Vw, (v —w) > < [Ju = wlln[[Vwllzllv — w]] 2
< Cllv — wlf3]|Vewll3 + %IIV(v*w)H%
<(v—w)-V(u—w),v> <o - w2 V(v —w)[n]v] 2o,
< Cllv = wl3|[Voll3 + %llV(v—w)H%
<(v—w)-Vw,v—w> < v —wla[Vollnllv = w]] 2

v
< Cllo —wlllw]3 + V(e —w)l

After using the bounds in Lemma 8.3 we have

By

1d v
Z#W—W@+5W@—wmgﬁqw—wﬁ
assumption ||vg — wpll2 = 0, so ||v — wl||2 = 0 for all ¢ € [0,T]. O
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