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Asymptotic behavior of the steady Navier-Stokes equation
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ABSTRACT. We develop the asymptotic behavior for the solutions to the sta-
tionary Navier-Stokes equation in the exterior domain of the 2D hyperbolic
space. More precisely, given the finite Dirichlet norm of the velocity, we show
the velocity decays to 0 at infinity. We also address the decay rate for the
vorticity and the behavior of the pressure.
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1. Introduction

Exterior domain is one of the fundamental domains studied in fluid mechanics.
The problem to be described has a satisfactory answer in three dimensions in the
Euclidean setting, but there are questions that remain open in two dimensions, and
they have been open since the work of Leray [14]. In this article, we show these
questions can be answered if we pose them on the hyperbolic plane. We begin by
describing the problem and providing historical background.
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Let K be a compact set, an obstacle, in R%. Consider a fluid surrounding
K, where the behavior of the fluid is governed by the stationary Navier-Stokes
equation. Then the exterior domain problem in the R? setting consists of finding a
smooth solution u : R? — K — R2?, and the pressure p : R> — K — R satisfying

—Au+u-Vu+Vp=0,
(1.1) divu =0,

U|6K = 07

and [, . [Vul|? < oo, and such that wu(z) — U as |z| — oo, where Uy € R?
is a given constant vector. U represents the behavior of the flow at the far range.

The history of the problem and the settlement of the analogous problem in
three dimensions begins with the work of Leray [14]. The method of Leray leads
to a solution in three dimensions, but meets with a hurdle in 2D.

The idea of Leray was to obtain a solution (ug,pgr) in {|z| < R} NR? — K
satisfying ug|{|s|=r} = Uso and the finite Dirichlet property in {|z| < R} NR* — K.
Then while the limiting solution, denoted by wy, was shown to satisfy the finite
Dirichlet norm in R? — K, the behavior of uy, at infinity was not known. This was
also an issue in 3D, but Finn [10], Ladyzhenskaya [13], and Babenko [4] were able
to bring the 3D problem to a positive conclusion. The reason for this is that in 3D,
the homogeneous H' norm controls the L8 norm of the difference uy, — o as well

as fps_ x mi#ﬁ In 2D, the following holds

|’U,L 7@00‘2 / 2
— < (C(1 \V4 .
/]RLK r2(logr)? ~ 1+ RLK| uzl)

Unlike the 3D estimates, this estimate does not preclude u; from being trivial.
Essentially, the failure of the energy method to produce good estimates in 2D is
the source of the difficulty in completing the 2D problem.

Important progress was made by Gilbarg and Weinberger [18, 11], who in par-
ticular showed that a typical solution, u : R* = K — R? to (1.1) with [5, , |Vu|? <
oo (so not necessarily obtained by Leray’s method) satisfies the following

ju(r, 0)1* _

(1.2) lim = 0.

r—oo  logr

However, from (1.2) is not clear if |u| € L>(R? — K). (1.2) is based on the finite
Dirichlet norm of w and a standard energy estimate. On the other hand, they
showed that the Leray solution u;, has to be in L>°, and if T, is trivial, then so is
ur, at infinity.

Subsequent breakthrough came from Amick [1], who indicated that one cannot
improve (1.2) without taking into account the structure of the equation (1.1). Am-
ick was able to prove that the properties found by Gilbarg and Weinberger for Leray
solutions hold for all solutions. Moreover, he showed that the solution converges
to some nonzero vector u., in the far range for symmetric flows, and in certain
sectors of the plane if the flow is not symmetric. However, whether u., coincides
with the prescribed %, and if the pointwise convergence can be proved in general
are questions that are still open.
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In this paper, we answer these questions on the hyperbolic plane.! More pre-
cisely, let a, Ry > 0, and consider

Q(Ro) = H*(—a®) — Bo(Ry),

where Bo(Ry) is a geodesic ball in a hyperbolic plane H?(—a?) with constant sec-
tional curvature —a?, and O is a fixed base point in H?(—a?). We study the
following stationary Navier-Stokes equation on Q(Ry),

2Def* Def v + V,v +dP = 0,

1.
(1.3) 4o =0,

where P is a smooth function on Q(Ry), and 2 Def” Def v = —2div Def v, and Def
is the deformation tensor, which can be written in coordinates as

1
(Defv)ij = i(Vivj + Vj"l)i).

Moroever, a computation using Ricci identity shows for divergence free v that on
the hyperbolic plane

2Def* Def v = —Av — 2Ricv = —Av + 2a2v,

where —A is the Hodge Laplacian. We use this operator as we believe this is the
correct form of the equations on a Riemannian manifold as indicated in [9]. For an
extended discussion about the possible forms of the equations, see [8].

We assume that just like on R?, v satisfies the finite Dirichlet property

(1.4) / ‘V’UEVOIH?,(,G?) < 0.
Q(Ro)

Without prescribing any conditions on the boundary of the obstacle, we show that
v must vanish at infinity.

THEOREM 1.1. Let Ry > 0, and suppose v is a smooth 1—form that solves (1.3)
on Q(Ry), and satisfies the finite Dirichlet norm property (1.4). Then, it follows
that we have the following decay property of v in the far range.

(1.5) S 1ol e 1, rayyy = 0

where p(x) is the geodesic distance of x from the center O of the obstacle Bo(Ry)
in H?(—a?) and

0= b (552

(The reason for the form of (a) is explained in Section 2.) Then together with
smoothness of v, we immediately get

COROLLARY 1.2. Let Ry > Ry. Suppose v is a smooth 1—form that solves (1.3)
on Q(Ry), and satisfies (1.4). Then v € L>(Q(Ry)).

We also address the decay of the vorticity at infinity.

IThe 3D problem on the hyperbolic space will be considered in a forthcoming work by the
second author.
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THEOREM 1.3. Let Ry > Ry, and let v be a smooth 1—form that solves (1.3)
on Q(Ry), which satisfies (1.4). Let w = xdv be the associated vorticity of v. We
consider the positive constant
(1.6)

1

1 =
6= 3(a vl e@mn) = 7{ ((Wle@n) = a)* +8a%) " = (lell= (@) — a)}-
Then, the following apriori estimate holds for any x € Q(Ry).

(1.7) — AT < w(x) < Aem 0,
where
(1.8) A= eXP(5R1)||wHLoo(aBo(Rl))‘

Gilbarg and Weinberger use the vorticity equation and first establish decay
rates for the vorticity, and then move on to showing L bounds for v. What we
found is that in the hyperbolic setting, the L>° bounds are easier to obtain due
to better estimates than in the Euclidean 2D setting. The key idea is the use of
a Poincaré type inequality on an exterior domain to obtain a uniform control on
the L? norm of the solution. Such inequality on the whole hyperbolic space was
established by the first and third author in [6]. To show it here, we follow the
approach from [6] combined with test functions used by Gilbarg and Weinberger
[11].

Initial attempts to adapt the proof for the vorticity decay as in [11] to the
hyperbolic plane were not successful, so we ended up using a geometric approach
inspired by the work of Anderson and Schoen [3]. There, Perron’s method with
barrier function e~%7(*) is applied to the Laplacian on a negatively curved manifold.
We apply that idea to an elliptic equation for the vorticity that can be obtained by
taking «d on both sides of the first line of (1.3). The equation is

(1.9) —Aw + 2a*w + g(v, Vw) = 0,

where ¢ is the metric on the hyperbolic plane.
So we consider the elliptic operator

(1.10) L(f) = Af = 2d°f — g(v,Vf),
and construct subsolutions and supersolutions +Ae=9°(®).

Finally we show that the property of the pressure obtained by Gilbarg and
Weinberger [11] cannot be expected in general.

THEOREM 1.4. Let Ry > 0. There exist (v, P) that satisfy (1.3) on Q(Ry), are
both smooth, and such that v has finite Dirichlet property (1.4), but there exists no
constant L such that

lim |P(x)—L|=0.
p(x)—00

1.1. Organization of the paper. In Section 2 we set up the Poincaré model
for the hyperbolic plane, and introduce the function spaces that will be used
throughout the paper. Section 3 is devoted to showing the solution to the Stokes
equation can be estimated locally in L°°. The strategy here is to rely on the well-
developed theory of a priori estimates in the Euclidean setting. Therefore, we start
with the intrinsic Stokes equation on the hyperbolic plane, and then we write it in
terms of the Euclidean derivatives on the Poincaré disk (see equation (3.11)). In
Section 4 we derive the Poincaré type estimate on the exterior domain, and then
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apply it together with the result of Section 3 to prove Theorem 1.1, the decay of
the velocity at infinity. The decay rate for the vorticity is obtained in Section 5,
and Section 6 discusses the pressure. In the appendix A we include what should be
a standard material for the L> bound for the solution of the Stokes equation.

1.2. Acknowledgments. The first and third author would like to thank
Vladimir Sverdk for introducing us to the problem of the exterior domain. The
authors would like to also thank the referee for the helpful comments.

C. H. Chan is partially supported by a grant from the National Science Council
of Taiwan (NSC 101-2115-M-009-016-MY?2). M. Czubak is partially supported by
a grant from the Simons Foundation # 246255, and would like to also thank MSRI,
where part of this work was carried out.

2. Preliminaries

2.1. Hyperboloid model. The hyperboloid model for the hyperbolic space
H?(—a?) is given by

1
(2.1) H?(—a®) = {(zo, 21, 22) : 2§ — 2] — 23 = peril) >0} CR®.

For each z = (xq,21,72) € R3, the tangent space T,R3 can be equipped with the
following symmetric quadratic form
(2.2) (v, w) = —vowo + Viwy + vowy, v, w € TR,
Then the Riemannian metric g(-,-) on H?(—a?) is induced through the restriction
of {-,-) onto the tangent bundle of the submanifold H?(—a?). In other words, for
each point x € H?(—a?), g(-,-). is given by the following relation
(2.3) 9()e = (),

From now on, we write a point z = (zg,x1,22) as ¢ = (xg,2’), with 2’ =
(z1,23).

In general, the geodesic ball at = with radius R in H?(—a?) will be denoted by

By(R) = {y € H*(=a®) : p(z,y) < R},
where p(z,y) is the geodesic distance between x and y in H?(—a?). For any x € R?
and R > 0, the Euclidean open ball centered at x with radius R will be denoted by
D.(R) ={y € R*: |z —y| < R}.
Next, we consider the unit disc Dg(1) in R? and the smooth mapping
Y : H*(—a?) — Do(1)

defined by

.T/

xo + % ,
The map Y maps H?(—a?) bijectively onto Dy(1) with a smooth inverse, so Y can

be chosen as a coordinate system on the manifold H?(—a?).
The inverse map Y ~! : Dy(1) — H?(—a?) is given by

_ 2 1 2y 2yz
V0= (2 o ) Y ) € Do)

Y(z)= r = (20,2") € H?(—a?).
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Using Y we can identify H?(—a?) with Dg(1) equipped with the metric
4 . .
—  Wied
2
a?(1 —1[yl")?
So this is the Poincaré disk model. Now, let § € Dy(1) with |g| = =, then by

parametrizing the straight line connecting 0 and y, we see that the geodesic distance
between 0 and 7 is (see for example [15])

1/ 2 1 1+7r
2.4 0,9) ==~ | —Z_dt=-1 .
(24) p0.5) =5 [ Tt = a0

So if we would like to talk about a geodesic ball Bo(R) C H?(—a?), and relate it
to a Euclidean ball in the unit disk, then we need to find r such that

1 1+7r
-1 =R
- log(7—)
A computation shows that
r= tanh(%R)7

so Y maps a geodesic ball of radius R onto the Euclidean ball of radius tanh(5R),
i.e., Y(Bo(R)) = Dy(tanh(%R)). The way this is employed is that we will start
with a ball of radius 1 on the hyperbolic plane, so that means doing estimates on
the Euclidean ball of radius tanh(§). Then at some point we go from the estimates
on the ball of radius tanh(%) to 3 of tanh(%) (e.g. when applying (A.17)), so when
we go back to the hyperbolic plane, this maps to a ball of radius

1 (1+%tanh(%)> 1 <1+36a)
—log( —F—=%) =-1lo .
1— 3 tanh(%) a 3+e

This explains the reason for the choice of r(a) in Theorem 1.1.
We now introduce several function spaces, which will be used in this article.

2.2. Function spaces. Let M be a Riemannian manifold with a Riemannian
metric g,,, and let VM be the Levi-Civita connection on M. Consider a domain
in M. We define the following function spaces:

e A¥(Q) is the space of all smooth k-forms in €.

° /\]p€ (€2) is the space of all smooth k-forms with compact support in €.

° /\i () is the space of all smooth, d*-closed, k-forms on €.

e LFP(Q) is the space of all weakly differentiable 1-forms v with (V*)Fy €
LP(2). L*P?(Q) is equipped with the semi-norm ||v| (VM)Ey||
and LyP () is the closure of /\(1: () in LFP(Q).

e WkP(Q) is the Sobolev space which consists of all weakly differentiable
1-forms v with (VM)2y € LP(Q) for all 0 < a < k. WHFP(Q) is equipped

. k « k, ]
with the norm ||v||Wk1y(Q) = Yoo VM) 0|y gy, and Wi P(Q) is the
closure of /\i(Q) in Wkr(Q).

For the case of p = 2, we write W*2(Q) = H*(Q), WE?(Q) = HE(Q).

In order to simplify our notation, the Levi-Civita connection VE*(=4%) on the
hyperbolic space H?(—a?) will be denoted by V. We use Cj to denote an absolute
constant in each inequality estimate which could change from line to line.

Lkp@) ” LP(Q))
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3. Local L*° bound on v

The purpose of this section is to show we can obtain a bound on L norm of v
on a small enough ball in the hyperbolic plane, where v is a solution to the Stokes
equation. First we consider a general u, not necessarily a solution to the Stokes
equation, and prove a bound on the Dirichlet norm of the pull-back of u to the
Poincaré disk. The bound is in terms of the intrinsic L? and Dirichlet norms.

LEMMA 3.1. The following estimate holds for any 1—form u € H'(Bo(1)),
where u' is the pull back of u via the map Y 1.
(3.1)

[VEud2, < 32{ cosh* (3 )|Vl + sinh? aju/|2,

(Bo(l))}'

PROOF. Let u be a 1—form u on (Bo(1)) C H?(—a?). Then in coordinates,

(Do (tanh($))) (Bo (1))
uw=udY" + updY?,

and the pull back of u is given by

uf = (YD u = (ug oY Hdy' + (ug o Y 1)dy?.

Write uf, = u, 0 Y ™! for @ = 1,2, and let V be the induced Levi-Civita connection
acting on smooth 1-forms on H?(—a?). Then (see [7, Appendix])

3u1 2Y1'LL1 2Y2 1 1
— - dY' © dY
Vu {aw Ve 1o |Y|2 ®

Ous 2Y %, 2Y tuy 1 2
- - dY' © dy
652) {aw Y 1_|VP ®
: 5u1 2Y2’LL1 2Y1U2 2 1
- - dY? @ dy
{ayz Ve 1=V} @
Oug 2Y1U1 2Y2’LL2 2 2
- dY? @ dy?.
{aw TToyE i @

We consider the orthonormal frame {e}, e} of T*(H?(—a?)) given by

2 )
(3.3) el = qy?

i =1.2.
T a—pyp s T

Hence {ej @ e} : 1 <i,j < 2} constitutes an orthonormal frame on 7™ (H?(—a?)) ®
T*(H?(—a?)), and it follows that
_ 201 — |Y*)2 .

(3.4) v @ ayt| = <L 4' D) 5o

To obtain (3.1), we have to estimate the absolute value of the partial derivatives
of u% with respect to y® for all @ and ( equal 1 or 2. We just estimate |8y1u§| to
illustrate the idea, then the estimates for all other terms follow basically in the
same manner.

First, we observe that by (3.4)

a?(1—|Y|%)?% | ouy 2Y 1y 2Y 2uy

> — .
Verla 2 4 YT I—VE  1-YP
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Thus, by the triangle inequality

Ouq ’ Oup 2Vl 2Y 2uy 41V |ul 4 4|Y | |ul

Vg +
avi| Slavi  iopp ot o S ea o Vet T

These imply the following pointwise estimate on Dy(tanh(5)),

uf 4 Aly|Juf|
|Vul, oY1+ .
2 1—|yl?

) oyt | = @I

Next, using (a +b)? < 2a% + 202, cosh? § —sinh? # = 1 and the definition of the
integration on manifolds

2
(3.6) / —‘ dy* A dy?
Dy (tanh(2)) oyt

4 2
< 2/ (7> |Vu|i o Yﬁldy1 A dy2
Do (tanh(%)) a?(1 —[y[?)?
1 52
- Uil
Do(tanh(2)) (1= [y[?)?
4

8 4,0 2 —14.1 2
< — cosh (7)/ ——|Vul; oY 'dy ANdy
a? 2" J Do (tann(2)) @*(1 — |y[?)?

20, 412
+ 32/ Pl |“L ~dy' A dy’
Do (tanh($§)) (1 - |y‘ )

3 4,0 2 4 1 2
— h*(—= —————dY NdY
a2 o (3) /Bom IVl E TR

+ 32 tanh? ( ) cosh? (a) / [u¥|2dy" A dy?
2 2/ JDy(tanh(2))

8 4,0 / 9
= —cosh™(¢ Vul, Volgz (g2

dy' A dy?

IN

+ 8sinh?(a) / [u?2dyt A dy?.
Do(tanh(%))

8 §
The above estimate still works if g;ﬁ is replaced by ZZ;? forany 1 <4,j5 < 2.

Hence (3.1) follows. O

We are now ready to consider the Stokes equation.

LEMMA 3.2. Consider a smooth 1-form v € AL(Bo(1)) and a smooth function
P € C*(Bp(1)) which satisfy the following Stokes equation on Bo(1)

2Def* Defv +dP = F,

(3.7) 40 =0,
where F € A(Bo(1)) N L3 (Bo(1)). Let

1 1+ 3e®
(3.8) r(a) = - log( 31 o ),
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where r(a) is such that Y(Bo(r(a))) = Do(4 tanh (%)) (using (2.4)). Then, it
follows that v satisfies the following a priori estimate.

H”HLw (Bo(r(a))) = Co

(3.9) { HFHL3 (Bo(1)) + A2(a>HUHL2(BO(1)) + A3(G)HVUHL2(BO(1))}’

where Cy > 0 is an absolute constant which is independent of a, and where the
constants Ai(a), As(a), As(a) can be given explicitly as follows.

(3.10)

1

Ai(a) = a”? (tanh (g)) * cosh® (g) cosh a,
As(a) = a{ tanh (g) (cosh4 (g) cosh? a + sinh? a) + coth (g) + sinha},

As(a) = cosh? (%) { tanh (%) sinha - (cosh2 (2> cosha + 1) + 1}.

PrOOF. Consider a 1-form v € A'(Bp(1)) and a smooth function
P e C™(Bo(1)),
which satisfy equation (3.7). Under the coordinate system Y : H?(—a?) — Dy(1),
we express v as v = v1dY " + vodY?. We also express F as F = FydY! + FodY?2.
For each j = 1,2, we define the function vg by v? =wv;0Y ™! and the function FJu
by Fﬁ FjoY~1 We also write P = P oY ~!. Then, saying that the pair (v, P)
satlsﬁes (3.7) on the geodesic ball Bo(1) is equivalent to saying that the R%-valued

function vf = (v%, vg) and the function P satisfy the following system of equations
on the Euclidean disc Dy (tanh (%)) (see [7]).

2(1 _ |y|2)2 A2 (90" — 90t
a”( ly*) (_Aszg_i_ y* (O2v] 1U2))+2a21}§+81Pu:F1ﬁa

4 1=yl
3.11 2(1 — |y|?)? 4y* 8yt — 10}
(3:.11) (=) ( - AR2v§ + (01 31112)) + 2a2vg + 0, PF = FQﬁ,
4 1=yl
div v* = 0.
By a direct computation, we get
(3.12)
1
4 2 4 3
F|? Vol (_ g2 :/ (FI? + (F§H)?)® <> dy' A dy?
/30(1)| |“ (=) Do(tanh(%))( ! : ) a?(1—|yl*)?

43

= | P[5 Volgs,
a3 JDy(tanh(2))

which immediately gives
a\ 3
||FﬁHL§(DO(mh(%))) = (5) ”FHL%<BO(1))'

Next, for convenience we rephrase (3.11) as

(3.13)

a?(1 = [y[?)? R2 4 2 2 § # §_
(3.14) f(fA vf) +a*(1— |yl )(5‘21)175'11)2) +2a*0* + VP! =
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where y= = (y%,y").

Next, we have to estimate ||VP||L_1 2

2(Do (tanh(4)))" To that end, we first esti-

mate

-] 22 g
1 (—AF v

L=12(Dg(tanh(£)))

Let ¢ € C’é"’(Do(tanh(%))), then

1_
< | ( ARZ )80>
L~=12(Dy(tanh(%)))®Lgy'* (Do (tanh($)))

a?(1—y[*)? (- A®
= A Uﬁ) <
Do (tanh(2)) 4

201 _ [4]2)2
1/ UWRQ{M ey )
Do(tanh(§))

2 a2(1 — lyl2)2
R® . yR <a( |y|))¢‘
Do(tanh(% >> 4

/ a2(1 - |y|2)2 Vszﬁ . VRZ@’
Do(tanh(%)) 4
‘/ — ly*)v® “:W‘
Do(tanh( ))
2 2
+ ZHVR UuHLQ(Do(tanh (%)) HVR

sa%anh(g)/ |vR o]
Do(tanh(%))

Cl2
+ 7HVR2’UuHL2(Do(tanh (%))

IN

+

s"HLz (Do (tanh(2)))

|WR2@HL2(DO(tanh(g)))

2
(’) V5 0 oy rammgm 1l 2y ramniny)
+ 1T s s I Pl oy

<Cypa? <1+tanh2( ))HVR2U ||L2 VR

(Dotann(3 1V 2l LDy (eann(ay)-

In the last line of the above estimate, we employed the standard Poincaré inequality

(315) ||@||L2(D0 < COTHVR <‘O||L2(Do (r)”
To summarize, we have
(3.16)
a*(1—1]-*)?* R?,
f(_A ) L=12(Do(tanh(%))) = Godola ”v ! HL2<Do(tanh<%>)>’

where the absolute constant Cj is independent of a, and

Ao(a) = a® (1 + tanh? (g))
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Also, it follows from the Ladyzhenskaya’s inequality and (3.13) that the following
estimate holds for any ¢ € Cg° (Do(tanh (%)))

Do(tanh(3))

<[1F¥] 4

L3 (Do (tanh( )))H‘"’HL4 (Do (tanh($)))
2 1
= HFﬁHL%(DO(tanh( )))COHSDHLQ(DO(tanh(Q)))||VR ‘P”zz (Do(tanh(%)))

a
= Co(tanh (5)) ||Fﬁ||L3(D0 tanh(%) ))HVR SDHL,2(D0(tzath( 2)))

1
a\ 2 R2
< Co(2)" (oot () 180, 5 o IVl oo

which gives

1 1
a\ 2 a 2
(3.17) HFﬁHL*LQ(DO(tanh(%))) < CO<§) i (tanh (5)) i HFHL%(BO(l))'

Next, estimate

/ G2(1 — [y[2) (Ds0! — Dyob)y™ @‘
Do(tanh(2))

2
< 22 / V¢ [y ]
Do(tanh(%))

< 2a* tanh (g) / ‘VRZUﬁH@\
Do(tanh(%))

< 2a® tanh ( )HVR2

ﬁ||1:2(Do(tanh(g))) H@HN(DU(wnh(%)))

2
(3.18) < Cpa® tanh? (5) ||VR2UuHL2(DO(tanh(g)))HVR 9"HL2(D0(tanh(%)))’

where in the last line we again used (3.15).

Using the easy fact that ||v || 2 we also have

(Do (tanh(2))) — ||UHL2(BO(1))’

20 /Do(tanh(g)) v ‘P‘ = 2‘12H”ﬁ||L2(D0(tanh(g)))HS"HH(DO(tanh(%)))

a 2
< Coa” tanh (5) ||UﬁHLZ(DO(tanh(%)))HVR ‘P||L2(D0(tanh(%)))

a 2
= Cya® tanh (5) HUHLQ(Bo(l))HVR 3"|’L2(Do(tanh(%)))'

So
a
(3.19) 2620 sy gy < Co® s (5 )10l 2
By combining estimates (3.16), (3.17), (3.18), and (3.19), we deduce
2 2
195 P2 puuanncs i <Co0® (1 8 () IV 2 )
(3.20) + Coa® tanh (5) H”||L2(Bo(1))

1 a %
+ Chaz (tanh <§)> HFHL%(BO(l)).
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Now, by combining (3.1) and (3.20), we obtain

2
|vF PﬁHL,l,z(Do(tanh(g))) =

Coa2{ (1 + tanh? (%)) sinh a + tanh (g) } HUHH(Bo(l))

+ Coa(cosh2 (%) + sinh? ( ))HVUHLQ(BO (1)

+ Coa® (tanh (g)) : IE1 L8 (o)

At this point, we employ the following fact from the regularity theory for
Navier-Stokes equation [16].

e For any R > 0, and any P € L}, .(Do(R)) which satisfies VEp ¢
L=12(Dy(R)), it follows that there exists some ¢ € R such that

(3.22) P - < Co||V¥

(3.21)

CHLQ(DO(R)) PHL—LZ(DO(R))’

where the absolute constant Cy > 0 is independent of R. (We note the
similarity with (A.5). We just want to stress the independence of Cj from
R).

So, it follows from (3.21) that, we can find some ¢ € R such that P# — ¢ satisfies

(3.23)

a . a
1P% = €]l 2.y tamn(s 1)) 300“2{ (1 + tank® (5)) sinha + tanh (5) } 100l 2 56 1)
+CoCL(CObh2 ( ) —|—smh2 ( ))HVUHLZ(Bo(l))

1
1 2
+ Coa’ (tanh (5)) 1E L4 (5o

Next, rearranging (3.14) we get

4
AR R 2 pt gl
Vi @aopee Ty =T
divet =0,
where
4 16 1 8
o= Rt (PP gy Oy
2A-pEE. T@ A pERY TN T A
4
*m(&gvg — 81Ug)yL.

By applying Lemma A.3 directly to v%, it follows that v* satisfies the following
estimate

IN

]| e (Do (3 vamn(a 1))

o O (i (3)) 190, i

2
+C0th( )H” HL2 (Do(tanh($))) T +|Iv* ”ﬁHH(Do(tanh(‘é)))}'
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Next we use (3.1) in (3.24) to get

a
H’UﬁHLOO(Dg(%tanh(%))) < CO{(tanh <§) ) H\IJHLJ (Do (tanh(2)))

(3.25)
a . a
+ (coth (5 ) +sinha) [v] o o0y + 2 J cosh” (3) HV“”L?(BO(W}'

Now, observe that the following estimate holds for any y € Dg(tanh(5)).

()] < 5 cosh® (§)|F¥] + 2517 — cf tah () cosh® (§) + 8 cosh® (5) 1o
+ 8 tanh (5) cosh? (7) |VR2vﬁ’

%cosh4 (2)’Fﬁ’ + —smhacosh4 ( )‘Pli —c’

+ 8 cosh? <§>’vﬂ| —|—4s1nha’V]R v ‘
Then applying (3.13) and the Holder’s inequality
1
1714 ey < P01 22 0oge

it follows directly from the above estimate that

H\IIHLz (Do (tanh(%)))

4 #
< 8 cosh (2){012“}7 HL%(DO(tanh(%))) T

} + 4sinhaHVR2vﬁH

smha "
| P* — HL%(Do(tanh(g)))

+ [l

L3 (Do (tanh(2))) L3 (Do (tanh(§)))

Cy 4
S;COSh < )HFHLa(Bo (1)

oot () (s ()" {17 = e

1
. a 2
+ H’UﬁHL2(D0(tanh(‘21)))} +Co Smh“(tanh (5)) 92y ramnce

We now use (3.23) in the above estimate to obtain
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||\IJHL%(D0(tanh(E)))

< ac—cosh4 ( )H HL%(Bo(l))
+ Cp cosh? (g) (tanh (%)) : Sinha{ (1 + tanh® (g)) sinba
-+ tanh (g) } H“HLZ(Bo(l))

+ Cocostit (2) (tan (2)) "5 ot o] .

) ( )SIZQGHFHL&BOO»

(5
(3.26) + Cp cosh® (;)(tanh( )) H ||L2(BO(1))
+Cosmha(tanh( )) ’VRQ
(5

< @cosh4 ( ){1 + tanh )Smha} |FHL3(BO (1))

a2

+ Cocost® (3) (tant () { (1 tant? (5)) s
+ tanh (g) sinha + 1}HUHL2(BO(1))

h(2a)
+ Cj cosh’ (g) (tanh (%)) : MHVUHL?(Bo(l))

1
. a 2 2
+ Cy smha(tanh (§>) : HVR vnHLQ(DO(mnh(%))).

(Bo(1))

+ Cy cosh®

v Hm(Do(tanh( <))

To simplify the above computations, we observe that the following relations hold.

(3.27)
1+ tanh (%) sinh a = cosh a,

(1 + tanh? (g)) sinh? a + tanh (%) sinha + 1 = cosha(l + 4 sinh? (%))

< QCosha(l + 2sinh? (g))

= 2cosh?a.

So, by using the relations in (3.27), we can now greatly simplify estimate (3.26) as
follows.
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(3.28)

el o <

Co 4
L5 (Do(tanh(& —5 cosh (2> CObha”FHLJ(Bo(l))

3
a2
 Cucos! (3) (va (5)) vty
+ Cy cosh* ( )(t nh( )) # sinh(2a) HVUHLZ(BO (1)

2
+ Co smha(tanh( )) HVR v ||L2(D0(tanh(%))).
Now, by applying estimate (3.1) in (3.28) we get

Co 4
<a— cosh (2) cosha||F||L3(BO W)
1
+ Cy cosh* (E> (tanh (Q)) * cosh? QHUHLQ(Bo(l))

) (tann (5)) 5

( h( 7’|vv||L2(BO(1))
+ Oy sinha(tan ( ))EiCOShQ (g)HVUHB(Bo(l))
(tant (3))

||\IJHL3(D0 (tanh(%)))

+ Cy cosh?

N

+ Costaha tanh () snb o] -

which is equivalent to the following estimate

(3.29)

Co
121124 (ogeanncary < COSh4(2)C°Sh“”F”Ls<B (1)

+Co<tanh (7))%{cosh (2)cosh a + sinh? a}Hv||L2(Bo(1))

+ Q(tanh (2))% sinh a cosh? (g) { cosh? (2) cosha + 1}va”L2(Bo(1))'

Next, by combining (3.25) with (3.29), we deduce



254 CHAN, CHEN, AND CZUBAK

19| o (Do 3 samnc )

< %(tanh (%))% cosh? (2) COShaHFHLS (Bo(1))

+ Cp tanh ){cosh4 (5) cosh? @ + sinh? a}H”HL?(Bo(l))

(3
+ @ tanh (g) sinh a
cosh? (g) { cosh? (g) cosha + 1}HVUHL2(Bo(1))

a .

5) +Slnha)HvHL2(Bo(1))
3.30 ! 2 (¢
( ) +acosh (§)HVUHL2(BO(1))

= (tan (2)) " cosn® () comal 1l 4

+ C’o{ tanh ( (cosh (2) cosh? a + sinh? ) + coth (g)

+Sinha}||UHL2(Bo(1))

C
+ =9 cosh? (E) tanh (ﬂ) smha(cosh2 ( ) cosha + 1)
a 2 2 2

1900

Now, we recall the definition for the positive number 7(a) > 0 given in (3.8)

Note that we have the following relation, which holds on Dg(1).
1— 2
(331 ooyt = LD ey < L1,

So, (3.30) and (3.31) together give the following estimate:
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HUHLOO(BO(r(a)))

< ||
=5 L (Do (% tanh(%)))

OO a % 4 (0
< a—%(tanh (5)) cosh <§> cosh a||F||L%(BO(1))

+ Coa{ tanh (%) (cosh4 (%) cosh? a + sinh? a) + coth (%)

+sinha}H”HL2(Bo(1))

+ Cj cosh? (g) { tanh (g) sinha(cosh2 (g) cosha + 1)

+ 1}HVUHL2(BO(1))’

which is exactly estimate (3.9) as required in the conclusion of Lemma 3.2. g

4. Pointwise decay of the velocity profile
Starting here, we will consider, for each R > 0, the exterior domain
Q(R) = H*(~a®) — Bo(R).

We first establish the following lemma. The proof is similar to the proof of an
estimate on the full hyperbolic space as it was established in [6], but to show it
on the exterior domain, we need to use the cut-off functions from Gilbarg and
Weinberger [11].

LEMMA 4.1. Let Ry > 0 to be given. Consider now a divergence-free 1-form
v € AL(QRy)), which satisfies the following finite Dirichlet integral property.

(41) / |V’U‘2V01H2(_a2) < 0.
Q(Ro)

Then, it follows that v satisfies the following a priori estimate for each Ry > Ry.
(4.2)

2 2 18 4 g )
V], Vo2 (—q2 §{2+(> }/ Vol? Volgsz(_ 21 .
/Q(Rl) ’ |a (—a?) a2 a2 (Rl —RO) (Ro) | |a (—a?)

PROOF. Let v € AY(Q(Ry)) N C°(Q(Ry)) satisfy (4.1). We now consider a cut
off function p; € C*°(]0,00)) which satisfies the following.

X(R, 00) <1 < X[RQJZrRl o)
(4.3) 4

|<P/1’ < mx[wm-
Next, we also need another cut off function o € CS°([0,2)) such that
X0, < P2 < Xioa1
“Pl2| <2 X

Now, let us select a fixed Ry > Ry, and let R > max{R;, 1}, with respect to which
we consider the cut-off function 1, € C°(2(Ry)) defined as follows.

(4.4)
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nx(2) = p1(p(2)) '@2(%),

where p(z) is the geodesic distance in H?(—a?) from O to z. Then by the definition
of 0,

(@5)  Inale) = @ (o) Voleoa (P2 + on ol (2)) YA
Since |Vp(x)|, =1, (4.3), (4.4) and (4.5) give
(1.6 V@), < g+
for all € Q(Ry). We now recall the Bochner-Weitzenbock formula
V*V =d*d + dd* — Ric,
so for the divergence-free 1-form v on Q(Ry) we get
V*Vo = d*dv + a®v,
from which we yield
/ g(V*Vu, niv) Volgz(—q2) =

Q(Ro)
(4.7) / g(d*dv, niv) Volg2 (—q2) +a2/ ni |v’i Volgz(— g2y -

Q(Ro) Q(Ro)

Since n2v € AL(Q(Ry)), we can do integration by parts as follows.
/ g(V*Vv, niv) VOIHZ(_az)
Q(Ro)

(48) :/ g(VU,V(niv))Vole(_az)
Q(Ro)

0

:/ 9(Vv,2n,dn, ® v) Volgz(_a2) +/ 772R|Vv}zVole(_az) )
Q(Ro) QR
In the same way, we have

/ g(d*dv, niv) Volg2 (—q2)

(49) Q(RO)

= / g(dv, 2n,dn, A v) Volgz(_a2) +/ ni|dv|2 Volgz(_g2) -
Q(Ro) Q “

0
Recall that we have the following standard estimates
|dU’a = |V’U a’
|dn, Aol < 2[V,], - [v],.

a
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So, (4.7), (4.8), and (4.9) together give the following estimate.
2 2 1,12 Vol
a M 0] Vol (—a2)

Q(Ro)

<2 [l Vol 16 | gl Tyl Je], Vol Vol
Q(Ro) Q(Ro)

< 2/ |VU|Z VOle(_az) +3E/ 1712? |U‘2V01H2(_a2)
Q(Ro) Q(Ro)

3
+7/ V0 2 V0]? Voligs (a2 -
€ Ja(Ry)

By taking ¢ = "6—2 in the above estimate, it follows through applying (4.6) that the
following estimate holds

a® 2
? ’I’]i|’l)‘aVOlH2(_az)
Q(Ro)

< 2/ |Vol? Vol +18< SR 2)2/ Vol? Vol
< w-)*t S5\ 5T B H2(—a2
Q(Ro) a (ma?) T2 (Ri —Ry) R (Ro) a (—a?)

18 4 2 2}/ 5
o (=42 Vol” Volgz(_g2) .
{ 02<(31—Ro) R) Q(Ro)’ o Voliz )

By taking R to co we get the estimate (4.2) as needed.

We are now ready to establish Theorem 1.1.

4.1. Proof of Theorem 1.1.

PROOF. Let v be as stated in the hypotheses. Since v satisfies (1.4), we can
apply Lemma 4.1 to get

2/ 1816
/ [v]2 Volz a2y < =5 (24 — )/ Vo] Vol (a2
Q(Ro+1) a a Q(Ro)

Now, we take a smooth function ¢ € C°°(]0,00)) which satisfies the following
properties.
Xirg+2,00) S P S Xirgt1,0007
|90/| < 2X[R0+1,R0+2]'

Next, we consider the radially symmetric cut-off function n € C°°(H?(—a?))

Let w = nv. Notice that the support of n lies in Q(Rg+1). This tells us that w can

be regarded as a globally defined smooth 1-form on the whole space-form H?(—a?)

and that the support of w also lies in Q(Rp+1). That is, we have w € A (H?(—a?)).
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Then, w clearly satisfies the following properties.

2
/]HIZ(_HZ) ”w’aVOle(,az)
S/ ‘ﬂ’iVOle(_az),
Q(Ro+1)
2
Aﬂz(_az) |Vw|aV01H2(—a2)
< 2/ |dn|j|v|jv01H2(_a2)+2/ Vo] Vol (2,

< 8/ |02 Volsz(_a2) +2/ V0|2 Volgz(_q2) -
Q(Ro+1) URo)

So w € HY(H?(—a?)). The hyperbolic Ladyzhenskaya’s inequality gives (see for
example [7])

HwHL‘l(]HP(fa?)) = Ca{Hpr(Hz(faZ)) + HVU}HL2(H2(7¢12))}'

Now, notice that w(x) = v(z) holds for all z € Q(Rg+2). So, we have the following
straightforward estimate.

4
/ ‘Vvv];’ VOle(,az)
Q(Ro+2)

4
< / !wa’“" VOle(,az)
H2?(—a?)

5 Ivw|?
< /HQ(_G% |w|? [V} Vol (a2,

4 % 2 %
§ </11;12(—a2) ‘w’a VOIHZ(*tﬂ)) </]H]2(_a2) ‘vw}aVOIHQ(iag)) .

Now, let us take an arbitrary point xg € Q(Rg + 8). Then, applying Lemma 3.2
over the geodesic ball B, (1), we immediately obtain

100l o (5, (rayyy <
(410) Co{ @Vl 3 1))+ A2(@ 0]z, 1) + As(@][Vll o, 1

Now, since we have V,v € L3 (Q(Ry+2)), v € L2(Q(Ry+1)) and Vo € L2(Q(Ry)),
it follows that we have the following decay properties.

s IVt ) = ©
(4.11) ol s, 0 =0
p(wlj)n_{oo ||vv||L2(BIO(1)) =0.

So, by combining (4.10) with (4.11), we have
(4.12) i |[oll e s, (g = O

plz0)—oc

This completes the proof of Theorem 1.1. O
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5. About the vorticity.

In this section, we show vorticity is in H', which is used to establish the rate of
decay in the far range, Theorem 1.3. As in the last section, we will use the notation
Q(R) = H*(—a?) — Bo(R), for any R > 0. We start with the H! property.

5.1. H'-property of the vorticity. The statement of the following theorem
and the proof is based on Gilbarg and Weinberger [11, Lemma 2.3].

THEOREM 5.1. Let Ry > 0. Consider a smooth 1-form v € AL(Q2(Ry)), which
satisfies the following stationary Navier-Stokes equation on QU(Rg), with P to be
some smooth function on Q(Ryp).

2Def* Def v + V,v +dP = 0,

1
(5-1) d*v = 0.

Suppose that v also satisfies

(5.2) / ‘V’UEVOIHQ,(,QQ) < o0.
Q(Ro)

Consider w € C*(Q(Rp)) to be the function defined as follows.
(5.3) w = *dw.
Then, for any R1 > Ry, the following a priori estimate holds.

/ |VW|2V01H2(_G2)
Q(Ry1)

(54) < 20,2/ |VU|§ V01H2(7a2)
Q(Ro)

+ C(a, fio7 Rl) /

A(W,R1

where A(fetBr Ry) = {2z € H?(—a?) : fotfr < p(2) < Ry} .

) Jw|2 (1 + [v],) Volszz(—a2),

PROOF. Here, we closely follow the main ideas of a lemma by Gilbarg and
Weinberger [11, Lemma 2.3]. So, we take an arbitrary positive number L > 0,
which plays the role of the level of truncation. With respect to L, we consider the
associated function h, € C1(R) which is defined as follows.

(5'5) h‘L (/\) = )‘QX{mgL} + {2L(|)‘| - L) + L2}X{\M>L}'
Hence, it follows that
h’L(/\) = —2LX s 1y T2\ a0y T 20X 0o ry
and that
R(A) = 2X ja ey -
Now, take any Ry > Ry. As in the proof of Lemma 4.1, we consider the very
same cut off functions ¢1 € C°([0,00)) , 2 € C°°(]0,2)) which are characterized

by conditions (4.3) and (4.4) respectively. We also use the same ng, for each
R > max{R;,1}, which was given by

(56) 1a(@) = e1(p(a)) e (22).
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Now, notice that we have

p
NMrX(r<p<ary = P2 (E)X{Rs»szm'
Hence, it follows
P\ Vp
(5.7) VX repeony = 5 (E) R Xirsp<ery
which directly gives

2

(5.8) ]V77R |aX{RSPSQR} = R Xir<o<zry-

Identity (5.7) leads to

py 1 P\ Ap
ANg X repeany = (90/2, (E) 72 + ¢ (E) R> X{r<p<2r)"
Since Ap = acoth(ap) holds on H?(—a?) — O, it follows from the above identity
that

1 2a coth
|A77R|X{R§p§2R} < <R2||90/2,HL°°([0,2)) + aR(ap))X{M,,QR}

1, ., 2a coth(aR)
= EH% HL°°([O,2)) + R X{r<p<any

where the second inequality follows from the fact that coth(¢) is monotone decreas-
ing in t € (0, 00).

(5.9)

Recall w = *dv, which by definition is equivalent to
dv = w Volgz(_g42) .
So using the estimate
|dol, < [Vvl,,
and the finite Dirichlet-norm property (5.2) we get
(5.10)

/ |w|2V01H2(_a2) :/ |dU|zV01H2(_a2) S/ |VU‘2V01H2(_G2) .
Q(Ro) Q(Ro) Q(Ro)

Now, as in the paper by Gilbarg and Weinberger, we carry out the following com-
putation

(5.11)
20X orny | V&, =1 h (@)9( Ve, Vo)
=n9(V(h, (), Vw)
=div {n,h (w)Vw} — g(Vn,, b (0)Vw) — 5,k (w)Aw
=div {n,h (w)Vw} — g(Vn,, V(h,(w))) = 1.k (w)Aw.

Next, taking *d on both sides of the first line of (5.1), we obtain the following
equation satisfied by the vorticity function w on Q(Ry).

(5.12) —Aw + 2a*w + g(v, Vw) = 0.
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By using (5.12), it follows from identity (5.11) that
(5.13)

2
2/ |Vw}a7]RXUu‘<L} V01H2(7a2)
Q(Ro)
:/Q(R ) —g(Vnm v(hL (W))) - 77Rh/L (W) (2a2w + g(’U, Vw))Vole(faz)
0
:/Q(R ) —9(Vn,, V(h, (w))) = 0,90,V (h, (w))) — 2a*K (w)n,w Volgz(_42)

:/ (An, + g(v, Vi, )b, (w)) Volgz(—g2) —2a2/ B! (w)nw Volmz(_g2),
Q(Ro) Q(Ro)

where the last equality follows from integration by parts and the divergence-free
property d*v = 0 of v.

Since we know the following straightforward estimate
‘h'L (w)| < 2min{|wl|, L},
it follows, by taking (5.10) into our account, that we have

(5.14)
’/ B (w)nw Volgz(_g2)
Q(Ro)

Recall

< 2/ |w|2V01]H[2(—a2) < 2/ |VU‘2V01H2(_Q2) .
Q(Ro) Q(Ro)

A(ry,r) = {z € H*(—a®) : 1y < p(z) <12},

and observe that we have

/ (Any, +g(v, V) hy (w) Volgz(—a2)
Q(Ro)

319 = [ sy {10 el [T )]} Vb

+/ |, (w)‘{|AnR’ + |g(v,V77R)‘}V01H2(,a2) .
A(R2R)

By using the obvious relation 0 < h, (A\) < A2, the first integral which appears
on the right-hand side of (5.15) will be controlled as follows.

[ @ {1 )]+ [0] 9 (22(0))], } Vola—a2)

/A(M,Rl)

< C(a,Ro, R /
(CL 0 1) A(%,Rl)

(5.16)
|w|* (1 + Jo],,) Volgz(—q2) < oo,

where the absolute constant C(a, Ry, R1) is just
Cla,Ro, R1) = HA(‘Pl(p))HLw(H%—a?)) + Hv(@l(p))HLw(Hi‘(—a%)'

Next, we have to prove that the second integral which appears on the right-
hand side of (5.15) tends to 0 as R goes to infinity. We now achieve this as follows.
First, notice that we have the following straightforward estimate, which holds for
any A € R.
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(5.17) |h, (A)] < min {\* 2L|A[}.
So, by combining (5.8), (5.9) with (5.17), it follows that

/ |, (“’)|{‘A’7R| + |g(v7vnR)’}V01H2(—a2)
A(R2R)

1 2a coth(aR) 2
S (RQHLPIQIHLQO([OJ)) + R) /A(RQR) ’w’ VOIHZ(,GQ)

4

(5.18) +f/ Liwl||v| Volgz(_,2
B o FNIPLa Vol e

1 2a coth(aR) 2
S (RQHQPIQIHLOO([OJ)) + R) /A(RQR) ’w’ VO]HZ(,az)

4L
+ fHWHLz(A(R,zR)) HUHL2(A(R,2R))'

Independently, we also observe that since we have w € L?(Q(Ry)) and v € L*(Q(Ry)),
it must hold that

lim {/ |w|2VolH2(,a2)+/ |v|2Vole(az)}:O.
R—oo  JA(R2R) A(R2R)

So, it follows from (5.18) that we have

(5.19) Rlim R A, (w)|{|AnR‘ + ’g(U,VnR)|}VOIH2(,a2) =0.
—o0  JA(R2R)

Actually, (5.19) immediately implies the following weaker conclusion.

(5.20) lim [ @)[{ |80 + |90, Fn,0) |} Vol a2y = 0.

R—00 JA(R2R)

(5.20) allows us to pass to the limit on both sides of (5.15), and then using (5.16)
we have

lim sup
R—o

/ (AnR +9(Uav77R))hL(w) VOle(iaz)
Q(Ro)

(5.21)

< C’(CL7 Ro, Rl) / |w|2(1 + |’U|a) VOIH2(,G2) .

A(Eﬁ'ﬁ,}h)

Now, from the definition of ¢ and nr we get
2
2/ ‘Vw‘ax{\wKL} VOIHQ(faQ)
Q(R1)
2
< 2/ ‘Vw|a(p1(p))(“w‘<L} V01H2(_a2)
Q(Ro)

2
=21 lpp2 (—
R Q(RO)|vw|a77RX{\w\<L} Volgz (—a2),
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so by means of (5.14) and (5.21), we now pass to the limit on both sides of (5.13)
to deduce

2
2/ |V X any VOlizz(—a2)
Q(Rq)

) 2
< ZRhm Ve[ 10X (0ry VOl (—a2)
=00 JQ(Ro)
S 4a2/ ’VU’iVOle(,az)
QR
(5.22) o
+ lim sup

R—oo

/ (A’I]R +’UV77R)hL (w) VOle(,az)
Q(Ro)
< 4a2/ ’VU’?LVOle(,az)
Q(Ro)
+ C(av R07 Rl) /

A(RO;Rl 7Rl)

Finally, we take L — oo on both sides of (5.22) to obtain
/ ]Vw]iVole(,az)
Q(R1)
< 2(12/ |V’U|3V01H2(,a2)
Q(Ro)
+ C(a, Ro, Rl) /

A(RO;Rl ,Rl)

which is exactly estimate (5.4) as required in the statement of Theorem 5.1.

|w|2(1 + !'U|a) VOle(_a2) .

lw*(1 4 |v|,) Volaz(—a2),

O

5.2. About the pointwise decay of the vorticity in the far range. As
before, take a fixed Ry > 0, and consider a smooth 1-form v € AL(Q(Ry)), which
is a solution to (5.1) on the exterior domain Q(Ry) = H?(—a?) — Bo(Ro). Let
w = xdv be the associated vorticity function of v. Then, as before it follows that w

satisfies

(5.23) —Aw + 2d%w + g(v, Vw) = 0.

Also, estimate (5.4) of Theorem 5.1 informs us that w has the following property.
Vw e L*(QRy + 1)).

Next, we take any xg € Q(Rp + 2), so that we have p(xg) > Ry + 2, and note
Bay(1) € Q(Ro + 1).

Now, since w € L?(Q(Ry)), and Vw € L?(Q(Ry + 1)), we can at once deduce that

(5.24) lim = 0.

(0] oo HwHWL?(BIO(l))

Since H?(—a?) is homogeneous in that its spatial structure around one reference
point is identical to its spatial structure around any other reference point, up to
some isometric transformation on H?(—a?), we can simply regard the base point
as the vertex (£,0,0) of the hyperboloid model of H?(—a?). Under this identifica-
tion of xg with the point (%, 0,0) in the hyperboloid model, the coordinate system
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Y : H?(—a?) — Dg(1) as defined in subsection 2.1 now maps zo to the center 0
of the unit disc Dy(1). It is equally obvious that ¥ maps the geodesic ball By, (1)
onto Do (tanh(§)).

Now, under the following local coordinate system

Y : By(1) — Do(tanh(g)),

the vorticity equation (5.23) as restricted on By, (1) now will have the following
local representation on the Euclidean disc Dg(tanh(§)).

(5.25) AF w4 ————wf o+ Y dlowt =0,
(1 _| | 1<i<2

where w! = wo Y ™! and 112- =v; 0 Y (Recall that v = v1dY? + v2dY?). Also, a
computation shows

(5.26) < kuHHl (Do (tanh(2))) <G, HwHHl(B

a“w”Hl(BmO(l)) w0 (1))

for some absolute constant C, > 1, which depends only on a.

Now, we can apply standard local elliptic regularity [12, Section 8.9, Thm
8.24] directly to w!, as a solution to equation (5.25), to deduce that there exists a
constant C(a, [|v]|s) > 0 such that w? satisfies the following apriori estimate.

<C

(5.27) ]| e (Do 3 vamn(s))) <

(aa HU”OO)HWﬁ HLQ(Do(tanh(%))).

Recall that

1 1+ 3e®
2 =-1
(5.28) r(a) = log (5 ):

which satisfies the property that the coordinate chart ¥ maps the geodesic disc
By, (r(a)) diffeomorphically onto Do(3tanh(%)). So, through combining (5.26)
with (5.27), we yield the following estimate.

H‘*’HLw (Bug(r(a))) — H‘*’ HLOO(D0(2 tanh(2)))
(5.29) < C(a,|lv]lo) o HLz(Do(tanh(%)))‘
< Cla, ||“H<>o)caH”HHI(BIO(U)'
So, the limiting property (5.24) together with the above estimate gives

(5.30) lim =0,

p(z0) 00 [l 2 5,

which confirms the fact that w(z) — 0, as p(z) — oo.

Armed with (5.30) we are finally ready to deduce the exponential decay rate
for w(x), as p(x) — oo.
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5.3. Proof of Theorem 1.3.
PROOF. To begin, using the identity Ap = acoth(ap), and g(Vp, Vp) = 1, we
compute
A(e*‘sp) = div(Ve %)
= div(—de~°"Vp)
(5.31) = —0g(Ve 0P, Vp) —de P Ap
= %% — ae %" coth(ap)
< 6_6P{52 — 5@}.
Next, smoothness of v, and Theorem 1.1 imply

HUHLw(sz(Rl)) < 0.

In what follows, we use the abbreviation [[v]s for ||v||ze=((r,)). Observe the
following straightforward estimate holds pointwise on Q(Ry).
|g(v,Ve_6p)’ = |6e_6"g(v,Vp)|
< 8ol e
Hence

(5.32) L(e%) < 70 {52 +5([[0]loe — a) — 2(12},

holds pointwise on (R;), where L is the elliptic operator specified in (1.10).
Note that the two distinct roots of the quadratic equation t? + (||vHOO — a)t —
2a% = 0 are given by
1
n1 = —5{ Vvl = +8¢ + (Jv] — a) }
1
r = 3{ Vbl = a)? + 80> = (lvlloc — a) }.
It is obvious that 71 < 0 < 73, and that the relation t* + ([|v] s — a)t —2a% < 0
holds for any ¢ € (71,72). So, by just taking ¢ to be the constant §(a, ||v]s) as
specified in (1.6), we yield the following estimate.

(5.33) (6(a, ||11||Oo))2 + ([[vllss — @) - 8(a, ||v]|o) — 2a* < 0.
So, (5.32) and (5.33) give
(5.34) L(e™°%) <.

Consider now the positive constant A which is specified in (1.8). Then the functions
Ae=% and —Ae~% are supersolution and subsolution of L, respectively.

Next, by definition of A, the desired estimate (1.7) holds so far for any = €
0Bo(Ry), so

(5.35) — A7) < oo () —Ae”?Un),

We note that we would like (1.7) to hold for all z € Q(R;). To see that this is in
fact the case, we recall we have

lim w(z)=0

|z|—o00



266 CHAN, CHEN, AND CZUBAK

so this allow us to use the comparison principle for the operator L to deduce that
estimate (1.7) does hold for any x € Q(R;). This completes the proof of Theorem
1.3. (]

6. Pressure: proof of Theorem 1.4

Due to the work of Anderson [2] and Sullivan [17], we know there exists a
smooth and bounded harmonic function F' that comes from a continuous boundary
data ¢ at infinity (see also [3]). If the boundary data is chosen to be non-constant,
then F is nontrivial. Now let v = dF, and P = —24?F — 1 |dF|i, then (1.3) is
satisfied since (more details for these computations can be found in [5])

2 Def* Def +V,v = —Av — 2 Ric(v) + Vv
1
——-A@F)—sz@Fy+§deﬁ
2 1 2
= 2°dF + ;d|dF[;,

and as shown in [5], |[dF|, — 0 at infinity, so P — —2a*F = —2a%¢ # constant as
needed.

Appendix A. Standard sup norm estimates

The following is a derivation of what should be a standard L°° estimate for the
solution of the Stokes equation, and we only include it here for completeness. It is
based on [16], and we write it in the form that we apply it in the paper.

For each r > 0, we consider the Eucldiean disc Do(r) = {z € R? : |z| < r}.
Consider a vector valued function u € C*°(Dy(1)), and a function P € C*°(Dy(1))
which satisfies the Stokes equation

~A¥y +VEP=F,

Al
(A1) divu = 0,

where the external force F' € C°°(Dy(1)) N L3 (Dg(1)). Our goal here is to derive
an a priori estimate for

2,2
175 el gy

2
L4 (poqyy Illzz Doy and [VE ull 204 1))
To this end, we ﬁrst carry out the following estimate, which holds for any test
vector field ¢ € C°(Dy(1)).

o™

in terms of ||F|| 4

<|Fll,

3 D0(1>>||90HL4(D0(1>>
1 2 1
= ||FHL%(Do(l))00‘|90||22(00(1))HVR %Osz(Dou))

< COHFHL%(DO(U)Hsz‘PHm(DOu)y

which gives

(A.2) 1] 1.2 po 1y < ColFll L8 0y
It is plain to see that we have
(A.3) | - ARz“HL 1.2(Do(1)) = HVR “||L2(D0(1))'
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So (A.1), (A.2) and (A.3) give

CORE < Co([1F1l4 iy ayy + 950l

(Do 1)))

The fact that VE' P € =12 (Dp(1)) implies that there exists some ¢ € R for which
the following a priori estimate holds [16].

PHL 1.2(Dg(1)) L3 (Do (1))

(A.5) HP CHL2(D0 = COHVR PHL*L?(DU(I))'
Hence (A.4) and (A.5) together give
2
(A.6) (R CHL? (Do(1)) = CO(HFHLS (Do(1)) T [v* “HL2(D0(1)))'

We can now rephrase the Stokes equation (A.1) as follows, with P replaced by P—c.

. RZ RQ - _
(A7) A¥u+VE (P . ¢)=F,
divu = 0.

Next, to localize u to the ball DO(%), we take a radially symmetric bump function
n € C>(Dy(1)) which satisfies x | (1, SN S Xpyqa,- Then, it follows that w = nu €
o(z
C>(Dy(1)) satisfies the following system of equations.
~AFy 4 VRz{(P — o} =nkF — aVE - VR — uAF 4 (P — ) VE p,
divw = u - VRZn.

(A.8)

By applying the Cattabriga-Solonnikov estimate [16] to system (A.8), we deduce
that w satisfies

175w, 4
(A.9)
<Col[nF — 2V™ u- V¥ — ud®'n + (P — ) V*'y)|

2
oy TIVEAP =} 14 5,0y

4
L3 (Do(1))

+ Col |V (u- V¥n) HL%(DO(U)

(A.10)
<C0{||FHL3 (Do(1)) T HVRZWHLw(Dou))HVRZUHL%(DO(U)
RQ
1) 0l s el 8 oy
+ HsznHLw(Do(l))HP B CHL%(DO(U)}
(A.11)

RQ
<Co{ P14 ey 1l + 195 0l s ooy + 1P = ell ooy |
where in the last line we use the Holder’s estimate
1
11,3 oy < P01z
Now, (A.6) and (A.11) together with the fact that n =1 on Dy(%) we have

1)l 1 oy < 105

R2
< Co{IFN 3 pucryy + 1l 2 ooy + 19l ooy -
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By the standard Sobolev embedding, the above estimate gives

R2
)l 5 oo )

+ || v

Iv* < Cof [V¥ul] 4

ul| papy(ay) < L3 (Do(2))

< Co{ 7],

L3 (Do(1)) +H HLZ(DO U’HL2 Do(l))}'

Of course, the standard Sobolev embedding also gives

Jleconcer < Co{ Il 5 ey + 19505 o

2 E

< Cof 1l 2oy + 7% @l 2 oycay

2
Since we have the Morrey’s type embedding W'*(Dy(3)) C 03 (Do(3)), it follows
from the above two estimates that
R
el ot ooy < Cof el agonrny + IV 0l aoucy §

(A.12) ]
< of 17| + | v*

“||L2<Do<1)>}'

In the above argument, we have already established the following useful lemma.

L5 (Do(1)) T HUHH(Do(l))

LEMMA A.l. Consider a vector field u € C*°(Dg(1)) N W12(Dy(1)), and a
function P € C*(Dy(1)) which together satisfy the following Stokes equation, with
the external force F € C°(Dy(1)) N L3 (Dg(1)).

(A.13) ~ATut VEP=F,
. divu = 0.

Then, it follows that u satisfies the following a priori estimate, with Cy > 0 to be
some absolute constant which depends only on the dimension of R?.

(A14) ] oy < COUIEN 13 gy + 1l aocay 195 ¥l o

REMARK A.2. Indeed, in the estimate (A.12), can be replaced

Ul o1 L
€72 (Do(3))
by HUH Lo (Do(L))" We decide to drop the Holder’s semi-norm, since this will help
2
us get a cleaner estimate in the process of rescaling a solution to (A.13).

Now, fix R > 0. Suppose that we have a vector field u € C*(Dy(R)) N
H'(Dy(R)) and a function P € C*°(Dy(R)), which satisfy the linear Stokes equa-
tion (A.1) on Do(R), with an external force F' € C°(Dy(R)) N L3 (Dy(R)). Now,
we consider the rescaled functions u,, : Do(1) — R? and P, : Dg(1) — R defined
by

ug(y) = R™u(Ry),
P,(y) = R™'P(Ry).
Then, the pair (u,, P,) is a solution to the following linear Stokes equation on
Dy(1).
“A¥y, + V¥ P =F,,
divu, =0,
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where F',, : Do(1) — R? is given by F,,(y) = F(R-y), for all y € Do(1). By applying
estimate (A.14) in Lemma A.1 directly to the pair (u,, P,), we yield the following
estimate

(A.15)

el po ) < CofIFel 8 muayy * Nl zacony + 1V 2l 2 gyay }-

Observe that we have

_3
1% ||Ld(Do ) re HFHL%(DMR»’
HURHLQ(DD(I)) = R_BHUHL"’(DO(R))’
2 _ 2
[v* URHL?(DO(U) = R7?||V* “HL2(D0(R))’

HuRHLw(DO(%)) = RiQHuHL“(DO(g))'

In light of the above scaling properties, we can rephrase (A.15) as follows.

HuHLm(DO(g)) = CO{ HFHL3 (Do(R)) +R—1HUHL2(DO(R)) + HszuuL?(Do(R))}'

The above argument clearly gives the following rescaled version of Lemma A.1.

LEMMA A.3. Consider a vector field u € C*(Dy(R)) N W2(Do(R)), and a
function P € C°°(Dy(R)) which together satisfy the following Stokes equation, with
the external force F € C°°(Do(R)) N L3 (Do(R)).

AR VP = F
divu = 0.

Then, it follows that u satisfies the following a priori estimate, with Cy > 0 to be
some absolute constant which depends only on the dimension of R2.
(A.17)

(A.16)

< Co{ R IE 5y + B elsoucy + 19

H“HLw(DU(g)) (Do(R))}‘

(Do(R))
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