Applied Mathematics, 2015, 6, 1809-1830 ":‘ Scientific
Published Online October 2015 in SciRes. http://www.scirp.org/journal/am ":Q’ §3§ﬁg;“mg
http://dx.doi.org/10.4236/am.2015.611160 ¢

Unique Measure for the Time-Periodic
Navier-Stokes on the Sphere

Gregory Varner

Division of Natural and Health Sciences, Mathematics Department, John Brown University, Siloam Springs,
USA
Email: gvarner@ijbu.edu

Received 2 September 2015; accepted 13 October 2015; published 16 October 2015

Copyright © 2015 by author and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Open Access

Abstract

This paper proves the existence and uniqueness of a time-invariant measure for the 2D Navier-
Stokes equations on the sphere under a random kick-force and a time-periodic deterministic force.
Several examples of deterministic force satisfying the necessary conditions for a unique invariant
measure to exist are given. The support of the measure is examined and given explicitly for sever-
al cases.
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1. Introduction

The existence and uniqueness of a time-invariant measure for the Navier-Stokes equations has been the subject
of much recent research. A major advance was achieved in [1] where it was shown that, under a random bounded
kick-type force, the Navier-Stokes system on the torus (bounded domains with smooth boundaries and periodic
boundary conditions) has a unique time-invariant measure. Subsequently, the argument was refined to a more
flexible coupling approach in [2], which paved the way for extending the argument to the case of a white-noise
random force [3]-[5]. Unfortunately, these methods focused on the equations on the torus and, with the excep-
tion of the white-noise random force, the case of zero deterministic forcing on the system. Of course, for meteo-
rological purposes, it is desirable to consider the equations on the sphere and to require the deterministic force to
be nonzero. This was done in [6], where a time-invariant measure for the Navier-Stokes equations on the sphere
was shown to exist both under a random bounded kick-type force with a time-independent deterministic force
and under a white-noise force.

This paper extends the work in [6] to include time-periodic deterministic forces. A similar result was estab-
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lished in [7] for the torus and with a random perturbation activated by an indicator function. Even though the
random force in [7] allowed more general time-dependence, stronger assumptions on the regularity of both the
random force and the deterministic force are needed. We instead use a random perturbation activated by a Dirac
function as in [2] [6] to allow a broader class of random and deterministic forces through weaker regularity as-
sumptions and to highlight the similarities between the time-independent and time-periodic cases. Furthermore,
the more general case of a squeezing-type property of the deterministic equations is included, allowing for more
general time-periodic deterministic forces.

The first section uses a combination of the approaches in [8]-[11] to define each of the terms in the Navier-
Stokes equations on the sphere. Of utmost importance are the eigenvalues of the Laplacian term which allow the
analysis to proceed as in the case of flat domains. In addition, we consider the Navier-Stokes equations under
time-periodic forcing, establishing conditions for there to be a limiting solution that is periodic. By extending
results in [6], several cases are considered where the period of the unique solution is the same as the force. In
particular, if a solution has only latitudinal dependence of a particular form or is very “close” to having this type
of latitudinal dependence then the solution is unique with the same period as the force.

The second section presents the main theorem, which establishes the existence and uniqueness of an invariant
measure for the kicked equations with a time-periodic deterministic external force. The proof of the main theo-
rem is done by proving that necessary conditions hold for the applicability of Theorem 3.2.5 in [12]. As will be
seen, the periodicity of the deterministic force allows the argument for stationary forces to be applied to the
time-periodic case. The necessary conditions for the main theorem are shown for several cases including a con-
traction-type property and a squeezing-type property with “large” random kicks. The main idea behind the con-
traction-type property is the exponential stability of solutions, i.e., the contraction of the flow to a unique solu-
tion, while the squeezing-type property is related to the idea of determining modes ([13], p. 363) and generalizes
the concept of a finitely stable point introduced by the author in [6]. More precisely, if the projection of the ini-
tial conditions onto the first M eigenfunctions is close enough then the solutions will converge.

The third section recalls work done by the author in [6] describing the support of the measure. The support is
described both in general and specifically for several examples. By combining results in [6] [14], the support of
the measure is described in terms of a unique time-periodic solution in several cases, including some of potential
meteorological interest.

2. The Navier-Stokes Equations on the Sphere
Let M =S? be the 2-dimensional sphere with the Riemannian metric induced from R Let (4,2) be the
spherical coordinate system on M, where ¢e(—g,gj is the co-latitude (the geographical latitude) and

A €(0,2n) is the longitude, and, thus, n=(cos¢cosA,cosgsin,sing) is the outward normal to M in R®. Let

H, = oan and H, = an , then the unit vectors
0 - |04
1 on 1 on
P e FTH o
[Fafos™ IR

form a basis for the tangent space of M, denoted TM, and induce on M the Reimannian metric

(gij):[(l) C02¢j'

The Navier-Stokes equations on the rotating sphere are

ou+V,u-vAu+Inxu+Vp=f,

)

divu=0, u|_, =uy,

where n is the normal vector to the sphere, |=2Qsing is the Coriolis coefficient, Q is the angular velocity



G. Varner

of the Earth, and “x” is the standard cross product in R?.
The operators div and V in (1) have their conventional meanings on the sphere, i.e. for functions y and
vectors u

v,/,:a_‘/’ L1 ow A, divu=—+_ iuﬂ +i(u¢cos¢) :
o¢ cos¢ 04 cosg\ 04 ol

where u=u,A+u,é.

To define the covariant derivative V, and the vector Laplacian A we first define the curl of a vector in terms
of extensions. For any covering {Oi} of M by open sets, there is a corresponding set of “cylindrical domains”
O, that cover a tubular neighborhood of M, M. In each O, introduce the orthogonal coordinate system
%, %,,%,, Where —e <X, <e is along the normal to M and for X, =0 the coordinates X;,X, agree with the
spherical coordinates.

Foravector ueTM thereisavector G definedin M such that the restriction to M satisfies
L~J|M =ueTM . For a vector field w on the sphere, not necessarily tangent to it, the curl of w is a vector field
along the sphere defined as ([9], p. 562)

Curlw = CurIvT/|M .

For a vector field normal to M, the curl is well-defined and is tangent to M. However, for a vector field in TM
the curl is not well-defined but the third component of the curl, denoted curl,, is well-defined. Due to this, define
the following operators ([11], p. 344).

Definition 1. Let u be a smooth vector field on M with values in TM and let y be a smooth vector field on
M with values in TM*,i.e. w=wn for w asmooth scalar function (thus we identify  with the function
w ). Denote the extensions G and . Thenfor xeM , yeR® define

curly (x) = curly (x):= Curl !/7()’)|y:X

curl,u(x) = (Curld(y)-n(y))n(y)| .

y=x

where on the right side Curl denotes the standard curl operator in R® and these definitions are independent of
the extensions ([9], p. 562).

The covariant derivative and vector Laplacian are now defined in terms of the curl and curl, operators ([9], p.
562-563).

Definition 2. The covariant derivative on the sphere is given by
2
Jul
Vuu::VT—UXcurlnu. )

Remark 3. As with the curl and curl, operators, it is possible to define the gradient, divergence, and covariant
derivative in terms of extensions (see [8] [9]). However ([11], p. 344),
curly =-nxVy, curl v =-ndiv(nxv).

Thus both curl and curl,,, and thus the gradient, divergence, and covariant derivative, can be defined without re-
sorting to extensions.

Definition 4. The vector Laplacian on the sphere is given by ([9], p. 563)

Au = Vdivu-curlcurl u. (3)

Thus, the Navier-Stokes equations on the two-dimensional sphere, i.e., for vector fields on M, are:

2
u
atu+V%—uxcurlnu+vcurlcurlnu+Inxu+Vp =f,

(4)

divu=0, u_, = u,.
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2.1. Existence and Uniqueness for the Deterministic Equations

Let L°(M) and L"(TM) be the standard L"-spaces of the square integrable scalar functions and tangent
vector fields on M, respectively. The inner products for L*(M) and L*(TM) are given by:

(u,v)Lz(M) :=.[M wdM, u,vel?(M),
(U’V)LZ(TM) = IM u-vdM, u,v e L*(TM),

with the induced norm on L* denoted ||||L2 . Note that these are integrals over oriented manifolds and thus are
defined intrinsically using a partition of unity. Locally, however, dM = cosgdgdA .

Let y be a scalar function and v be a vector field on M. For s>0, the standard Sobolev spaces H® have
norm

sy =z, + (2% 0)

(M)
and

Ju

}2—|S(TM) = "u"iz(TM) +<_Asu' U>L2(TM) .

By the Hodge Decomposition Theorem, the space of smooth vector fields on M can be decomposed as ([9], p.
564):

C*(TM)={u:u=gradg,$C” (M)} ®{u:u=curlg,pC* (M)}
={u :u=gradg,¢ e C” (M )}®V0.
Define the following closed subspaces of L*(TM) and H*'(TM) respectively:
Definition 5.
H = curl(H*(M)),
with norm
Jull, =Dl )
Note, H is the L? closure of V, and thus divu=0 for ueH .
Definition 6.
V= curI(HZ(M ))
with norm
Jull, =leurt,ulz(ry - (6)

Note, V is the H* closure of V, and thus divu=0 for ueV . Furthermore, V is compactly embedded into H,
and by the Poincare Inequality (Equation (41)) the V norm is equivalent to the H* norm for divergence-free vec-
tor fields.

Definition 7. For a vector field u, define the Laplacian on divergence-free vector fields as

Au = curleurl u. (7

Furthermore, if divu=0 then Au=-Au.
The following theorem implies that the analysis used for the stochastic Navier-Stokes system on flat domains
can be used for the system on the sphere. Its proof is identical to the case of flat domains with smooth boundary
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conditions, see [13], pp. 162-163 or [9], p. 565.

Theorem 8. The operator A=curlcurl, is a self-adjoint positive-definite operator in H with eigenvalues
0< 4 <4, <.+ with the only accumulation point oo . Moreover, the eigenvalues correspond to an orthonor-
mal basis in H (orthogonal in V).

Let P, be the projection onto H. Since the projection commutes with 6, and A, the projection of the
Navier-Stokes equations onto H is

du+vAu+B(uu)+C(u)=f, u|_, =uy, ®)
where B(u,u)+C(u)=P, (V,u+Inxu). Furthermore, forall veV
(B(u,u)+C(u),v), =b(u,uv)+(Inxu,v),, 9)
where b(u,v, W) is the standard trilinear form associated with the Navier-Stokes equations, i.e.
b(u,v,w)=ﬂ_ileujDivjwjdx, (10)
i

where 7z is the orthogonal projection onto TM ([9], p. 561), and the trilinear terms satisfies estimates analog-
ous to those in the case of flat domains, see Lemma 12.

We now state the existence and uniqueness of solutions to the deterministic Navier-Stokes equations in terms
of the projected equations, as is standard.

Theorem 9. Suppose f e LZ(O,T;H) and U, e H then a solution of Equation (8) exists uniquely and
uel’(0,T;V)NC([0,T];H). If U, eV then the solution is strong, i.e. ueLl*(0,T;D(A))NC([0,T];V)
and d_ue L*(0,T;H).

dt

The proof is the same as the case of bounded domains with smooth boundaries and periodic boundary condi-

tions (see [13], pp. 245-254 and [9], Theorem 2.2).

2.2. Time-Periodic Navier-Stokes Equations on the Sphere

Let the deterministic force f e L”(0,00;H) (thus L?(0,T;H) forany T <oo) be periodic with period T > 0.
While Theorem 9 gives the existence of a strong solution to the Navier-Stokes equations on the sphere, it will be
necessary to know the behavior of the system under a periodic force. Toward that end, we recall a theorem from
[147, p. 19.

Definition 10. Let w=u-v be a perturbation of the solution u of the Navier-Stokes equations. u is expo-
nentially stable if there exist numbers &,a, A>0 such that every perturbation at time t,, with w,=w(t;)
and |w,|,, <& satisfies

Ju@®)-v(v)],, =[w(t)], <A |w,, . forallt>t,. (11)

o s called the stability radius.

Theorem 11. Suppose there exists a globally defined solution to the Navier-Stokes equation with initial con-
dition in H, has |Su,|,. bounded, and is exponentially stable. If f is time-periodic with period T then there
exists a time-periodic solution u_ with period KT for some integer k, such that

IS.u, —S,u, |, = O(e‘c‘t ) some a > 0,ast — . (12)

If the stability radius ¢ is large enough or the period is small enough then T_=T . In all cases, u, is expo-
nentially stable.

While the theorem in [14] assumes that the initial condition is in H, this is for ||Su,|,. to be bounded. By
Theorem 9 (or Equation (55)) this norm is bounded for u, € H and any t > 0. Furthermore, Theorem 11 im-
plies convergence in H and the proof in [14] is easily adapted to show exponential convergence in H instead.
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It is well-known that if the force is small enough (see Remark 33) then the stability radius is infinite and thus
there is a unique exponentially stable solution with the same period as the force that all other solutions converge
to. We conclude this section by examining two more cases where the stability radius is infinite. The proofs of
the following lemmas are found in the Appendix. The main idea behind both of the lemmas is that the (spherical)
scalar Laplacian commutes with longitudinal derivatives, allowing for terms in the calculations only dependent
on latitude to vanish.

Definition 12. A solution to the Navier-Stokes equations, u, is called zonal if for each fixed t, u(t) isonly a
function of latitude, i.e. the function has no longitudinal dependence.

Lemma 1. Suppose that the time-periodic force f eL” (O,oo; H) is such that there is a zonal solution of the
form g(t)curl sin(¢). Then the solution is unique with the same period as f.

Remark 13. For a stationary force, it is sufficient that the force is zonal to have a stationary zonal solution
([10], p. 988) which follows since A forms an isomorphism between the spaces D(A) and H and for u zonal

||B(u, u)+C(u)||H < C||B(u, u)+C(u)||v =0.
Analogously, the Stoke’s equation o,u+vAu forms an isomorphism between the spaces
{u,uel’(0,T;D)(A), u"e’(0,T;H),u(0)=u(T)}and L* (0,T;H).

Thus, to have a zonal solution it is sufficient that force is zonal. (The proof that the equations form an iso-
morphism is analogous to the result in [15], Lemma 3.1, p. 27 or [16], Chapter 4, Section 15.)

Lemma 2. Suppose that f e L” (0 o0; H) is a force that generates a zonal solution of the form g(t)curl
sin(¢). Then there exists 6>0 such that for any force g e L*(0,00;H) suchthat | f - g|| 4y < thereis
a unique globally exponentially stable solution to the Navier-Stokes equations.

Definition 14. We define an almost zonal solution to be a solution guaranteed by Lemma 2.

It is worth noting that while Lemma 2 allows for nonzonal solutions, they are only a “small” perturbation
from being zonal.

3. The Main Theorem

This section presents the main theorem on the existence and uniqueness of a (time-)invariant measure for the
Navier-Stokes system with random kicks and a time-periodic deterministic force, where time-invariance is un-
derstood to mean that the random variables generated by restricting the solutions to instants of time proportional
to the period of the deterministic forcing term have a unique stationary probability distribution which all other
distributions converge to exponentially (i.e. it is exponentially mixing). A similar result in [7] established that
the Navier-Stokes equations on the torus have a unique invariant measure under a deterministic time-periodic
forcing. While the random force considered in [7] allows for more generality in the sense of time-dependence,
the random force and the deterministic force require more regularity than will be assumed in this paper. Instead
we use a bounded random kick-force as in [2] [6] to allow for a larger class of deterministic forces through
weaker regularity assumptions and to highlight similarities to the time-independent case which are not as evident
in [7]. In particular, we use a modified version of Theorem 3.2.5 in [12] which focuses on the properties of the
solution operator and the perturbed flow, which are used more implicitly [7]. In addition, we consider cases of
potential meteorological interest and more general deterministic forces than allowed in [7].

3.1. The Perturbed Navier-Stokes Equations

Consider the Navier-Stokes system with forcing f e L”(0,00,H) time-periodic with period T, and a random
kick-force g bounded in H:

du+vAu+B(u,u)+C(u)=f +g,

g :;”k (X)ékT (t), n,<H, "77k"H <o VK.

(13)
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The notation from now on will be:
e S, isthe solution of the deterministic equation with initial condition v, e H attime t>0.
o For simplicity of notation take the periodas T =1 and denote S, =S.
e u'(v,) isthe solution of (13) with initial condition v, attime t>0.
Then
u’(vy) =V,
Ut (vy) = SU* (Vo) + 7,1 (X), k=0,1,2,-- (14)
U (vy) =S, u"(v,),0<7 <L k=012,

In other words, the solution between kicks is given by the flow of the deterministic system with time-periodic
forcing. Notice that due to the periodicity of the force, if all the kicks were zero then for any positive integer n,
SV =U"(V,).

Following [2], pp. 356-357, assume the kicks satisfy:

Condition 15. Let {ej} be the orthonormal basis for the Hilbert space H, then
m:ijgjkej, b; >0, BU:ij2<oo, (15)
j=1 j=1

for {(,“J-k} a family of independent, identically distributed real-valued variables, with |§jk|£1 for all j,k.
Their common law has density p; with respect to Lebesgue measure where p; is of bounded variation with

support in the interval [-1,1]. Furthermore, forany >0, J'quj (r)dr>0.

For a given positive integer k and v, the Markov transition measure ﬂ(k,vo,.) is defined as
ﬁ(k,vo,r)zp{uk (vo)el“}, k>0,v,eH,[eB(H),

where B(H) is the Borel o -algebra of H. The Markov transition measure is the probability that the stochas-
tic flow with initial condition v, isintheset I' attimek,ie. u“(v,),P.
The Markov semigroup /., on bounded continuous functions is defined by

ﬂkh(v):]Eh(uk (v)) =IHh(z)ﬂ(k,v,dz),

where h:H — R isabounded continuous function.
Definition 16. A measure e P(H) is called invariant if S;u=x where P(H) is the space of proba-
bility measures on H and

Beu(T) =IHIP{uk (v) el“},u(dv), FeB(H).
The next two definitions deal with behavior of the deterministic flow and are necessary for the statement of
the main theorem.

Definition 17. We say that there is an asymptotically stable solution if for some q<1, forall R>0, and
forall t>0

[ScUs = SVoll,, <C(R)A"[Jup —Vol|,, ¥ Ug.V, € By (R) (16)

where C(R) can depend on the norm of the force and B,, (R) is the ball of radius R centered at 0 in H.

Notice that an asymptotically stable solution is exponentially stable for any radius ¢ >0.
At minimum the following satisfy condition (16):
e f =0 and“small” forces, see Remark 33.
o Time-periodic forces that give zonal flow of the form g(t)curl sin(¢), see Lemma 1.
e Time-periodic forces that give almost zonal flow, see Lemma 2.
While both zonal and almost zonal flow are of potential meteorological interest, Condition (16) is actually re-
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strictive since it guarantees that the exponentially stable solution is unique and that all other solutions converge
to it exponentially. Thus it is of interest to consider more general deterministic forces than just the ones that sa-
tisfy Condition (16).

Note that since the Navier-Stokes equations have an absorbing set ([9], p. 572) any asymptotically stable so-
lution is in a ball of finite radius in H, call it D( f) (see Equation (19)). In addition, an asymptotically stable
solution guarantees that two deterministic solutions with different initial conditions will become arbitrarily close
together as t — 0. In the same way, any point that locally acts like an asymptotically stable solution will be a
(local) contraction of the flow and should be considered. However, since it will be sufficient for the random
perturbations to be finite-dimensional (see Theorem 20), it will be sufficient for the solution to be locally stable
in a finite number of dimensions.

Definition 18. Let D( f) be the radius of the deterministic absorbing set (i.e. as in Equation (19)) and B,
be the projection onto the first M eigenfunctions. A point u e B, (D( f )) is called finitely stable if for some
M >1, forsome §>0,forany >0 andforall veBy, (D(f)+e) satisfying ||R,u—PR,v|, <7,

|scu=s.(v)],, =0 (17)

In other words, if the finite-dimensional projections are “close enough”, then the solutions converge.

A finitely stable point captures the same concept as determining modes ([13], page 363) and satisfies the con-
ditions of Theorem 11 (the stability radius and ¢ from Definition 18 can be taken the same). Furthermore, if § is
large enough relative to T then the periodic solution converged to has period T.

While the assumption of a finitely stable point allows for the possibility of multiple solutions, the assumption
also has the disadvantage that we will need additional assumptions on the structure of the kicks.

Definition 19. The following is called the big kick assumption. Let M be as in Definition 18. For some
N>M letthe b from Condition 15 satisfy

b,>2D(f),
2D .
bjz? for2<j<M, (18)

b, >0 forM < j<N.

where D=D(f) isthesameasin(19)and 2, is the eigenvalue corresponding to e, (x).

By Equations (54) and (41) the b; are assumed to be twice as large as (Q; lu( ) if the initial condition is
zero (where Q, =1-P,). Thus, if the stochastic flow is within ¢ of the bal of radius D( f) then the kicks are
large enough to “kick” the first M-dimensions of the flow within ¢ of the first M dimensions of any point, in
particular a finitely stable point, in the deterministic absorbing ball with nonzero probability, i.e. the big kick
assumption is sufficient for the perturbation to “kick” the flow from anywhere in the absorbing ball into the sta-
bility radius of a finitely stable point. It should be noted, however, that while the probability of realizing such a
“large” (and most likely physically unrealistic) kick can be extremely small, the big kick assumption does as-
sume that it can occur with positive probability.

Main Theorem 20. Let the kicks satisfy Condition (15) and let f e L°°(0,oo; H) be time-periodic with pe-
riod T = 1, and that either:
o there exists at least one finitely-stable point and the big kick assumption holds or
o there is an asymptotically stable solution.

Then there is N such that if b; >0 for j=1,2,---,N the following hold:

1) The system (13) has invariant measure 4 .

2) The invariant measure is unique.

3)Forany R>0 thereis C(R, f)> 0 such that for any h real-valued Lipschitz function on H

|,Bkh(u)—(y,h)|£C(R, f)e*|n[, fork >0, v|ul, <R

The constant ¢ >0 is a constant not dependent on h, u, R, or k.
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3.2. Proof of the Main Theorem

The main theorem will follow from applying a modified version of Theorem 3.2.5 in [12]. Assume the following
conditions.

Condition 21. For any R and r with R>r>0 there exist C=C(R,f), D=D(f), a=a(R,r)<1 all
positive and there exists an integer ny =n,(R,r)>1 such that

|Sato|l, < max{a]us|,, +D.r+D}, U, € By (R), ¥n=n,, (19)
[Sus = Svo ,, < Cluy =Vl » Y5V, € By (R); (20)

where || <B, forallk.
Condition 22. Forany R >0 there is a decreasing sequence y, (R, f)> 0,7y >0 as N — oo such that
J(1 =R (St =5V, )|, <7 (R F)Us = Vo, + Vu,v € By (R), (21)

where B, is the projection onto the first N eigenfunctions e; .
Assume the kicked flow also satisfies:

Condition 23. For K, the support of the distribution of 7, ,
K :={u=iujej :|uj|£bj,Vj 21}
j=1
and for any B bounded in H let
A (B)=B,
A (B)=S(A_(B))+K, k=1
Then there exists p >0 such that for any B there is Kk, (B, p) >1 such that:
kaojAk(B)CBH (,0) (23)

In addition, assume that the kicked flow satisfies the following type of controllability.

(22)

Condition 24. For any d > 0 and R > 0 there exists integer 1=1(d,R)>0 and real number x=x(d)>0
such that

IE”{"u' (vo)-u' (WO)"H < d} > x, forallvy,w, € B, (R). (24)

In other words, the kicked flow from two different initial conditions has a positive probability of becoming
arbitrarily close together in finite time.
We now formulate a modified version of Theorem 3.2.5 from [12].

Theorem 25. If the forced-kicked system (13) satisfies Conditions 21, 22, 23, and 24 and the kicks satisfy
Condition 15 then there is N >1 such thatif b; >0 forall 1< j<N, there exists an unique invariant meas-
ure, and forany R>0 thereis C (R, f)> 0 such that for any real-valued Lipschitz function h on H

|,Bkh(u)—(,u,h)|§C(R, f)e[n|, fork=>0,V|ul,, <R.

The constant ¢ >0 is a constant not dependent on h, u, R, or k. (|}, is the standard Lipschitz norm.)

While Theorem 25 can be proved using the same approach as in [7], we instead use an approach similar to
that in [2] [6] [12] to highlight the dependence on the conditions. Though [12] uses external force f = 0 and [6]
only allows a time-independent force and we are considering time-periodic forces here, there are only two main
differences in the above conditions and the ones in [12]: the inequalities now depend on the norm of f and the
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use of Condition 24. Due to these slight differences, a brief sketch of the proof of Theorem 25 based on the ar-
guments found in [2] [17] is given (summarized well in [7], p. 10). The main idea behind the argument is the
following lemma ([12], Lemma 3.2.6 or [7], Prop. 2.5).

Recall that a pair of random variables (g’l,g“z) defined on a probability space is called a coupling for the

given measures /4, i, if the distribution of ¢, is x;, j=12.

Lemma 3. Under the conditions of Theorem 25, there exists a constant d >0 such that for any points
u,u'eB, (R) with Ju-uf,<d themeasures B(1,u,,-) admitacoupling V,,=V,,(u,u,;®) such that

d
P{"vl vy, 25} <cd

where C > 0 does not depend on u,u’.

Since the conditions on the deterministic solution operator are imposed on each fixed time interval and the
operator is the same for each interval, the kicked-equations have the same form as the time-independent and ze-
ro-force cases. Thus, with the exception that constants now depend on the norm of the deterministic force, the
proof of Lemma 3, which depends on conditions 20 and 21, is identical to the proof in [12].

It should be noted that the choice of N in Theorem 25 comes from the construction of the coupling in Lemma
3 and the construction only needs that N is sufficiently large.

Remark 26. In [7] the complication in proving Lemma 3 lies not in the choice of a time-periodic deterministic
force, but the choice of random perturbation.

Given Lemma 3, the remainder of the proof proceeds under the following two cases:
1) If Ju-uf<d ford small enough, by Lemma 3, there is a positive probability that the random variables

after one time step are within % . By iteration there is a positive probability that the random variables will be

within a4 after n time steps.
2n

2)If Ju—u/|>d instead then, by Condition 24, there exists a finite time | where |lu' (u)-u'(u')|<d . After
this, Lemma 3 again implies that the distance between the random variables is continually halved with positive
probability.

The above argument gives the main idea behind the following lemma ([2], Lemma 3.3):

Lemma4. Let u,, A, where A is the invariant set, and d =||u, —u,. Then under the condition of Theorem

25forany k>1 the measures 4, (k) admita coupling Uy, :Ul'fz(ul,uz,wk), o* € Q" such that

1) The maps U{, are measurable with respect to (ul, u,, »" ) e AP x Q.

2) There exists a constant ¢ >0 not depending on u,, u,, and k such that
P {Jus -k <d,} =0, vk=r+i(dy), uu, € A (25)
3)If |u —u,|<d, then
P {Jus -ui|<d,, f21-2"" k=11 >0 (26)

Due to Lemma 3 which establishes the existence of a coupling, the proof of this lemma is very similar to the
one in [2]. The main difference is the use of Condition 24 here instead of Lemma 3.1 in [2] which assumes that
all solutions converge to 0 since the deterministic forcing is 0 there. The remainder of the proof of Theorem 25
follows identically to the argument in [17].

Having established Theorem 25, it only remains to check that the conditions hold for the kicked Navier-
Stokes equations. It is straightforward that Condition 21 implies Condition 23. Furthermore, since Conditions 21
and 22 are well known and analogous to results for the torus these are included in the Appendix for completion.

Instead only Condition 24 is proved here.
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3.3. Proof of Condition 24

In order to establish Condition 24 the following is needed ([1], Lemma 5.4), which establishes that a sequence of
realizations of kicks can be taken arbitrarily close to any prescribed sequence of vectors in suppD(ry) with
positive probability.

Lemma5. Forany p>0 andanyinteger M >1,thereisa p,= Po(p,M ) >0 suchthat
P("”j ‘Xj||H <pl<ijc< M)z D,

uniformly in- x,,---,x, in suppD(x) where suppD(7) is the support of the distribution of the kicks.

The proof of Condition (24) uses the main idea behind Lemma 3.1 in [2] and is split into the two cases consi-
dered.

Lemma 6. Suppose that there exists an asymptotically stable solution, then for any d > 0 and R > 0 there
exists integer |1 =1(d,R)>0 and real number x=x(d)>0 such that

IP’{"u' (vg)-U' (WO)"H < d} >x, forallv,,w, B, (R).

Proof. First fix all realization of the kicks as the zero realization. Then by assumption there exists a time |
such that

||u' (w,)-u' (VU)”H s%, v w,,v, € B, (R). (27)
By continuity of the flow there isa » >0 small enough that if | | <y for 1<k <I then
||u' (w,)-u' (vo)"H <d. (28)
By Lemma 5 the probability of [ <y is nonzero. Thus
IE”{"UI (W, )—u' (v, )||H <d, vw,,v, € B, (R)} > X (29)

as desired.
Now recall that the N in Theorem 25 is from the construction of the coupling in Lemma 3. Let N' be the
maximum of the N from the big kick assumption (and thus > M) and the N generated by Lemma 3.

Lemma 7. Let b; >0 for 1< J <N'. Suppose that there exists a finitely stable point u and assume that the
big kick assumption holds, then for any d > 0 and R > 0 there exists an integer | =1 (d,R) >0 and real number
x=x(d)>0 such that

IP’{"u' (vo)-u' (WO)"H < d} > x, forallvy,w, € B, (R).

Proof. Let J be the radius for the finitely stable point, u, and fix all realizations of the kicks as the zero reali-
zation. By (53) there exists a time | such that

Ju(w)). S%JrD(f),VWeBH(R). (30)

By the big kick assumption, there exists a kick z" such that

P,u-P, (u' (W)+1]')HH £g, v weB, (R). (31)

Again fix all realizations as the zero realization. By the assumption of a finitely stable point, there exists a time k
such that

"u'”‘”(w)—uk (u)"H s%, v weB, (R). (32)
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Thus there exists atime |+k+1 such that

By continuity, >0 can be chosen such that if ||77j <y for 1<j<I, |n'=¢| <y where ¢ is another
realization of the kick, and ||17j || <y for I+1< j<I+Kk+1 then

By Lemma 5 there is a positive probability of the kicks satisfying the inequalities.
This completes the proof of Condition 24 and thus there is uniqueness of invariant measure in H.

U (W ) — U (v, )"H S%, v Wy, v, € By (R). (33)

u'*k*l(wo)—u'*k”(vo)"H <d, Vw,V, €B,(R). (34)

4. Support of the Measure

Before stating the main result of this section, we recall some definitions and straightforward results about the
support of a measure.

Definition 27. The support of a measure x on H is the smallest closed subset K in H such that
#(H/K)=0. A measure is concentrated on aset B if x(B)=1.

To continue we need Lemma 5.5 from [1].

Definition 28. For yeH , let AD(y) =y . Then the set of attainability from the set y at time n is defined as
A, (¥)=S(A_(Y))+suppD(m, ). The set of attainability from y is defined as

The set of attainability for a set of points is the union of the set of attainability for all points in the set.

Lemma 8. For any r >0 thereisan integer k>0 such that A(y) is contained in the r-neighborhood of
A (y).ie forany aeA(y) thereexists a e A (y) suchthat a eB,(r,a), where By (r,a) isthe ball
of radius r in H centered at a.

It is worth noting that the definition of the set of attainability is similar to Condition 23 except that the ball is
centered at y instead of 0.

Remark 29. The support of the measure for the Navier-Stokes equations is concentrated on V ([6], Lemma
5.5.2) and, in general, the support of the measure is contained in a ball centered around the origin of radius the
square root of

" f ||2L°C(0,oo;H) 1
v +5 1-e’

(35)

where ||, ||2 <B, forallk ([6], Lemma 5.5.3).
When there is an asymptotically stable solution the support is contained in a ball of radius

ﬂ (36)
1-e

centered at the limiting solution ([6], Lemma 5.2.1), where L is the rate of convergence, i.e. q' =e™" for
0<qg<l1.

Support of the Measure

We next extend the standard definitions of wandering and nonwandering points ([18], page 27) to the case of

stochastic flow.
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Definition 30. Let U, (p)=B, (¢, p)—{p}. Apoint peH isnonwandering if for all e>0 and for every
T >0 thereexists t>T such that

B, (e, p)NS, (U, (p)) = @.

Definition 31. A point peH is wandering if there exists ¢ >0 and there exists T >0 such that for all
t>T

B, (¢, P)NS (V. (p)) =2

A point is defined as wandering or nonwandering based on the behavior of nearby points. One consequence of
this is that for a stationary force an unstable stationary solution is now a wandering point unlike for the determi-
nistic setting.

The following result was proved in [6], Theorem 5.5.8.

Theorem 32. Let A be the set of attainability from the the set of nonwandering points. Then any a< A isin
the support of the measure.

We outline the proof below (which is similar to the steps in [1], p. 320). Note that it is necessary to establish
that (B, (r,a))>0 forany r>0.
e By time-invariance, forany | >0, forany r,e>0 andany veH

#(By (r.a))=Bu(By (r,2))= ], B(1,uBy (r,a)) u(du). 37)
Thus, by integrating over a subset of H instead
(B, (r,a))szH(eyv)ﬂ(l, u, By (r.a))u(du). (38)

e Thus, it is sufficient to show that forany a< A thereexists veH , ¢>0, and times t;, t, such that
B(t+t,,u,B, (r.a))>0, VueB, (V). (39)

o By the definition of the set of attainability, there is a nonwandering point y such that a is accessible from y.
Furthermore, since for any ue By, (¢,v)

B(t+t,u,B, (r,a))=[ B(t,udw)s(t,w,B, (r,a))

2J‘E;H((s,y)ﬂ(tl’l'l’dw)ﬂ(tZ’W’ BH(r'a)) (40)
2 inf y)ﬁ(tz,w, By (r.a)) B(t,u,By, (3,))

it is enough that ianeBH (0.9) ﬂ(tz,w, B, (r,a)) and /i’(ti, u,B, (5, y)) are strictly positive, which follows
from the next two lemmas.

Lemma 9. Let y be a nonwandering point. For any & >0 thereis ¢>0, an integer t =t1(5) >0,and a
constant x =x(5)>0 such that

]P’{"y— ut (W)"H <68, YweB, (e, y)} > X.

The proof is very similar to that of Condition 24 and thus only a sketch is given. By the definition of a non-
wandering point, the intersection of any open ball (for example of radius /4 ) around a nonwandering point, y,

has a non-empty intersection with the deterministic flow of the set at some time t,,i.e. if we B, (% yj then

u(w)e B, (5/4,y). By continuity, there exists ¢ >0 such that if the initial condition we B, (¢,y) and the
kicks are small enough then u“(w)eB,, (5,y) (see[6], Lemma5.5.11 or [1], p. 321-322).

Lemma 10. Let A be the set of attainability from the set of nonwandering points. For any a< A and any
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r>0 thereexists §>0 andanonwandering pointy such that for some time t, and all v e B, (5, y) ,
B(t,.v,B, (r.a))>0.

The proof is nearly a repeat of the argument made in [1], page 322, with modifications for the change in the
definition of the set of attainability, so only a brief sketch is given. By Lemma 8, there is a, € B, (r/2,a) such
that a, is attainable by a finite sequence of fixed kicks from the nonwandering point y. By continuity of the
flow and the properties of the kicks, thereisa >0 and y >0 suchthatif veB, (5, y) and the kicks vary
by at most » then there is a positive probability that u” (v) e B, (r,a).

Due to the existence of an asymptotically stable solution when the force is small enough, gives a zonal solu-
tion of the form g(t)curl sin(¢), or gives an almost zonal solution, the following holds.

Corollary 1. If the force
1) is small enough—see Remark 33;
2) yields a zonal solution of the form g(t)curl sin(¢);
3) yields an almost zonal solution;
then the support of the measure is the set of attainability from the unique exponentially stable periodic solution.

5. Conclusions

While there is invariant measure for the kicked Navier-Stokes equations with a bounded time-periodic determi-
nistic force, it is only possible to give a clear description of the support of the measure in a few limited situations.
Furthermore, if there is an asymptotically stable solution then the support can be considered to nearly be the
unique stable periodic solution since the kicks can be taken arbitrarily small (with the first N dimensions nonze-
ro). Unfortunately, for more general forces the support of the measure is not as clear. For example, it is not as
clear what nonwandering points may exist. In addition, while the assumption of a finitely stable point is more
general than the assumption of a globally attracting solution and gives that there is a (at least one) periodic solu-
tion (possibly with the same period as the force), the size requirement on the kick is problematic both for under-
standing the support of the measure and for meteorological considerations.

It is possible, however, that the kicks may be allowed to be smaller. The big kick assumption is introduced to
ensure that a kick can, with positive probability, send the flow into the neighborhood of any point in the deter-
ministic absorbing ball. The necessity of the big kick assumption comes from the deterministic setting where a
Dirac measure at any stationary solution is a time-invariant measure, giving non uniqueness if there are multiple
stationary solutions. Thus, for example, if there are two stable stationary solutions the kicks must be (at mini-
mum) large enough to send the flow from inside the radius of stability of one into the radius of stability of the
other. The big kick assumption is sufficient to do this, but a smaller kick may suffice.

Of course, the results presented in this paper also apply to time-independent and zero forcing deterministic
forces since they are trivially time-periodic. Furthermore, the majority of the results presented in this paper ap-
ply to the Navier-Stokes equations on the torus. For example, while a zonal and almost zonal solution no longer
makes sense on the torus, if the force still yields an unique asymptotically stable solution then the support of the
measure is again straightforward to describe.
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Appendix
A.1. Estimates

We now present estimates that will be needed to establish Conditions 21 and 22 and Lemmas 1 and 2. With the
exception of Equations (48) and (49) of Lemma 12 and Lemma 13 these estimates are analogous to standard es-
timates on flat-domains with periodic boundary conditions.

Lemma 11. For ueV the Poincare Inequality holds, i.e.
2
Jull, =A%, = 2 [ulf (42)

where 4, is the first eigenvalue of the Laplacian. In particular, the V-norm is equivalent to the H'-norm on V.

The proof is identical to the case of flat domains due to the existence of an orthonormal basis. Furthermore,
A, s the first eigenvalue of the scalar Laplacian on the sphere ([9], p. 567).

Lemma 12. For u,v,w eV, the trilinear form satisfies

b(u,v,v)=0, b(u,v,w)=-b(u,w,v), (42)
(u) <ol ol ol @
Jo.Cu, v, )| < Kl o e Il oo (44)
If veH?NV then
b(v,v,Av)=0, (45)
Ib(u, v, w)| < kW, V]2 ulle (46)
b uyv,w) < KJulfy Jull Vi i Iwl, (47)

Furthermore, let b’(u,v,w)=(uxcur|nv,w>,Iet ue H2NV be a zonal vector field of the form g(t)curl
sin(¢) and let ve H2NV then

b'(u,v,Av)=0 (48)
b’'(v,u,Av)=0 (49)

Proof. Since the proof of (42) and (45) are identical to the ones in [9], pp. 566-568, the proofs of (43), (44),
(46), and (47) follow from applying the Holder inequality and the Ladyzhenskya inequality after taking exten-
sions ([9], pp. 566-567) and the proof of (49) is identical to the calculation on p. 69 of [19] (which uses Lemma
4.4 on p. 62 there), we will only prove (48) here (which actually holds for any zonal vector field u).

It suffices to show that (48) holds for u= curl sin(¢). Since the sphere is simply connected, for a diver-
gence-free vector field u, there is a flow function y ([9], pp. 567-568)

u=-curlyn=nxVy, curl u=Ayn,

where A is the spherical Laplacian for functions.
For the following calculation, we will need the following information about the spherical Jacobian ([19] p.
51)

J(a,b) = —curl, (nax(nxVb)) = 1 [aa ob b aaj

CoS ¢ 6_/16_¢_6_/1£

J'MJ (a,b)dM =0, by Stoke’s Theorem. (50)
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The proof of Equation (48) uses an argument similar to [19], p. 70. Denote the flow functions for u and v as
w and y , respectively.

(curl,vxu, Av)=(curl, (curl,vxu),curl v} =(curl, (NAy xu),Ay)

:<J(1/7,A(//),Az//>:—<ﬁa¢(/76/lAl//,At//> (51)
1
=~ Shugog VT M =3 (7 ovT ) =

The following lemma will allow for the Coriolis term C(u) to vanish from all the estimates. Its proof only
uses that the Laplacian commutes with differentiability in the longitudinal direction—see [20], p. 635.

Lemma 13. For smooth vector fields u, the following holds for r >0
(C(u).v), =(Inxu,A'u)=0. (52)

We now turn to the proofs of Conditions 21 and 22 and Lemmas 1 and 2. Since many of the calculations are
standard, only the main steps are given. Recall that f e L” (0,00;H ).
A.2. Proof of Condition 21
Let S,u, be the solution of the 2D Navier-Stokes equations with initial condition u, attimet.

Lemma 14. The following inequalities hold for the deterministic 2D Navier-Stokes equation on the sphere for
all t>0:

R L1
ISl < [usf, e m%@_e ) 5
IS0 [Fs < s e ”HVLZ&(H”“)’ o

where /4, is the first eigenvalue of the operator —A on functions.

Moreover, for any t 2%

il < K Juolly &7 + € F (55)

OmcH

Proof. The proof follows the estimates in [9], p. 572. Take the L? inner product of the Navier-Stokes equation
with u. By (52) and (42)

6 ||u||H +v||A]/2u|| (f,u)
1%
= 551 Jull, +v lull ﬁg" e o +§||U||i.1 (56)

1
= ool <A + 2Py b @D

This gives
e, 1 v
Il < lulfy &+ 21l (1), "

establishing (53).
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For (54), take the L? inner product with Au. By (52) and (45)
Zauull+vlulf +b (v Au)=( £ 1)
= S0 ulf vl <51 + 2l By (49 9)
=0 Juff, = valulfy + 21y bY @D,
Therefore
sl <l & 1 (1-2). 9)

establishing (54).
For (55), note that integrating (56) from t, to t+t, gives

2 2 -+t t
St+to Uy "H - Sto u0||H +VL0 ' Son”il dr < ;" f ||i’°(0,oo:H) (60)
t+t 1 2 t
= I Il 8 < LS ]+ I
A 1 1
(54) implies that for any tZE and any t—§<t0 <t
o Nl
[SATY ] ST +#_ (61)
Integrating (61) with respectto t, from t—% to t gives, using (60) and (53)
1 : U L o
E||Slu0||f41 < L(M) S Uo|[. dto +2LV+AIH)
1 1 11 ...
< ;”St—(i/Z)UOHH +W" f ||2|_“°(0,oo;H) +2Lv+j1H) (62)
<Cluolfy & +Col o
establishing (55).
Now consider the difference between two solutions w=u-v
StU—StV=%+VA+B(W,U)+B(V,W)+C(W)=O. (63)
Lemma 15. Forany R>0 andforall t>0 the difference of solutions satisfies
Iswalf, <C(R 0w, 64
whenever |u, ., <R and [v,],, <R.
Proof. Taking the L inner product with w
%@ ||w||'24 + V||W"|241 +b(w,u,w)+b(v,w,w)=0. (65)
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By (42) and (44),

1
0wl + vl <o (w,uw)l <k wl, ful i, (66)
By the Cauchy inequality
kZ
Ol +v s <, (67)
and thus by (41)
k2
sl <o vt [ 5. s o, )
By (60)
2 k? 2 K%y 2
IS, < exp| it 5 Jualf + 5 g 0l 69)

Thus the exponential is less than or equal to some constant (depending on R and the norms of f) for any fixed
t>0.

Remark 33. By (69) in order to ensure (16) it is sufficient that

v i
s

[l o) <

If Equation (16) is satisfied, there is a unique globally exponentially stable solution that is periodic with the
same period as the force.

A.3. Proof of Condition 22

Lemma 16. Let w=u—v and for any R>0 let |u,[, <R and |v,],, <R. The following estimate holds
forall t>1:

[Scwoll.2 < C (R, .0 Wl (70)
Proof. Integrating (58) from s to t gives
t t t
X R X N L P SXTH e )
Using (55) gives for 1/2<s<t
v[L15. o[l 07 < Clunlfy +1C (1 o))+ C (1 Tl ) (72)

Integrating (67) from 1/2 to 1 and by the Mean Value Theorem there is s e (1/2,1) such that

VS| =2v [ |IS,w,|[/: dz and by (72)

1
12

> k%
<cRy2ml, + T,

<C(R Tl g ) IWalfy by (60) and (64)

S Wyl 18, Uo e d (73)

Taking the L? inner product of (63) with Aw gives

%at ||W||i|1 +""W"i+2 < |b(u,w, AW)|+|b(w,v, AW)|. (74)
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By (47) and (46) respectively, the right side of (74) is bounded above by

<Kl ol s s Il + Kl e ],

(75)
< K ulf s Julf I+ iz + C w7 by Cauchy.
Therefore
00wl < (v + K (ol w2+ ) Il (76)
and
[ s < 8. xexp (v, (15 + k[, [ )de). (77)
By (53) and (72) this is bounded above by
< 8o s exp (v (t-1)) xexp(C (R 1) 8.6 [} dr + C(R)+1C T g ) 78)
By (60) and (73) this is bounded above by
<C(R, f)[w,|},: exp(—v4, (t—l))xexp(C(R, )+C(R)+tC| f ||L°° o ) (79)
which establishes (70).
Let Q=(1-Py)Sw, =(1-Py)(S (u—V,)).
Then
2 1 2 1 2
IRl = —=—IQlks < Z—[Swol: < D, =7y el (80)
N+1 N+1

where the last step is by (70). For any t > 1 a N can be found (depending on t, R, and f) such that the y,, is less
than or equal to any g > 0. Since t = 1 for the kicked equations, N can be chosen only depending on R and f.

A.4. Proof of Lemma 1

The proof is analogous to a calculation in [19], pp. 69-70 (done for f = 2vcur|(—asin ¢)).
Let u=U+Uu" solve the time-dependent Navier-Stokes equations with forcing f where u' is a perturbation
and U is the zonal solution. Let B'(u,v)=uxcurl v then the perturbation solves

du'+vAu'+Gu'+B(u',u")=0, (81)
where
Gu'=C(u')+B'(T,u’)+B'(u,T). (82)
Dropping the primes for ease of notation and taking the inner product with Au gives

1
S0l +v[ul; +{cu, Au)=0. (83)
(Gu,Au)=0 by (52), (48), and (49). Thus for any t 2% the perturbation satisfies

Lol vl -0 sy <ce

u2)[. (84)

since |u'(Y/2)],. <u(¥/2)| . +[T(Y/2)],: . (55) gives

1828
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sl <[5l < (Jly ol ) ol ®)

Thus the solution is asymptotically attracting in H.

A.5. Proof of Lemma 2

The proof uses a different approach than the analogous result in [6], Proposition 5.4.1 which gives a much more
direct argument here. Instead we show that if the solution to the Navier-Stokes equations with a nonzonal force
is “close enough” to the zonal solution, then it is globally exponentially stable. We then use standard estimates
to the express the inequalities in terms of the distance from the force f.

Let u be the unique zonal solution for the Navier-Stokes equations with force f from Lemma 1. Suppose g is
such that there exists v=u+V that solves

dV+vAV+B(v,v)+C(v)=g. (86)

Let y be another solution to (86) and consider q=w —v which solves

0,9+vAq+B(y,w)-B(v,v)+C(q)=0. (87)
Let B'(u,v)=uxcurlv and b’(u,v,w)z(uxcurlnv,w), then rewriting the nonlinear terms gives
8,9+vAq+B(q,q)+B'(u,q)+B’(q,u)+B'(V,q)+B'(q,V)+C(q) =0. (88)

Take the inner product with Ag. By (45) b(q,q,Aq)=0 and since u is zonal b’(q,u,Aq)=0 and
b'(q,u,Aq)=0 by (48) and (49). Since b'(u,v,w) satisfies Equations (46) (47) by the Cauchy inequality

b'(V,q,AQ)+b'(a,7, Aq) < C[[v],.: Jall lall .- +C s lall,e [0
< %IIQIIiz +C vl flall lall,e +Clalls 71
< %IIQIIiz +Clally: (s +1915e ).
Thus

oulalE <l (~v-+ Sl + 1915 ) )

For any t>% integrating (89) on Bt} gives

Ja (o), <la@2)f, exp(~zvt+c L[ () +[7 () 07 ) (90)
since [a(y2)[[, <[y W2)f[. +|v@2)fLs by 65)
Jalfs <€ (Mol ol o Tl o)
xexp(_m [T (@l ar+ [ o (o) d})
Thus if the norms of ¥ are small enough then the unique solution v is globally exponentially stable in H* (and
thuli Irr;s;ins to express the norms of v in terms of the difference of forces. Since Vv =v—u, consider the

difference between the Navier-Stokes equations with force f and zonal solution u from Lemma 1 and Equation
(86) getting

OV +vAV-B(u,u)+B(v,v)+C(V)=f—-g. (91)
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Since —B(u,u)+B(v,v)=B"(u,V)+B'(V,u)+B(V,V) and since u is zonal of the form g(t)curl sin(¢), the
inner product with Av and Equations (45), (48), and (49) give

ol +vIvlie sclf -, (92)
Integrating from Et} using [V (Y2)],. <[u(¥/2)|,.. +|v(/2)],,. . and (55) gives

to—
Jyo ¥l < C (ol Mol )+ CI T =Gl (93)

Similarly using (41) and integrating (92) from Bt} yields

[7 (0 <ol sl Je ™ +CI =l o0 (94)
Thus by Cauchy’s inequality

[v(t), <ce®*+c||f —g|; (95)

LmOOOH

Thus the term in the exponential in (90) is bounded above by

C (ol sl )+ G (=2 +1F =0l )+ =0l o)

Therefore there is 5>0 such that if | f - g||Lw 4w <0 then the unique solution v is globally exponentially
stable in H.
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