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NONLINEAR WAVES ON 3D HYPERBOLIC SPACE

JASON METCALFE AND MICHAEL TAYLOR

ABSTRACT. In this article, global-in-time dispersive estimates and Strichartz
estimates are explored for the wave equation on three dimensional hyperbolic
space. Due to the negative curvature, extra dispersion is noted, as compared
to the Euclidean case, and a wider range of Strichartz estimates is proved.
Using these, small data global existence to semilinear wave equations is shown
for a range of powers that is broader than that known for Euclidean space.

1. INTRODUCTION

The goal of this article is to study dispersive estimates for the linear wave equa-
tion on hyperbolic space and their application to nonlinear wave equations. We will
primarily study Strichartz-type estimates. Due to the negative curvature of hyper-
bolic space, one expects to see more dispersion than in the Euclidean case. This is
indeed observed, and a wider range of Strichartz estimates is proved. As such, small
data global existence for nonlinear wave equations with power-type nonlinearities
can be shown for a larger range of powers.

We shall study the linear wave equation

(02 — Ayu = G(t,z),
u(0,-)=f, Ow(0,-)=g.
A now common measure of dispersion is the class of Strichartz estimates

(12) (=) Veoulprs S 1Veau(0, llz + [(=2)V2(07 = Aul o

(1.1)

For (t,z) € Ry x R", these estimates originated in the work of Strichartz [25]. It
is now known for (¢,z) € Ry x R™ that (2] holds for

(13) y=2-2-1 222019
2 qg p p 2 q

and similarly for (p,q,7). The n = 3 endpoint (p,q) = (2,00) is excepted. This is
the culmination of progress made by a number of authors. See Keel and Tao [19],
where the endpoint estimates were obtained, and the references therein. When
n = 3, this range of indices (p, ¢,7) is labelled £ in the sequel. See, e.g., Figure[ll

When we study ([LI) on Ry x H3, where H? is 3D hyperbolic space with constant
sectional curvature —1, and A represents its Laplace-Beltrami operator, we are able
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to obtain a richer family of Strichartz estimates than in the Euclidean setting. In
fact, to the set of (p, q,~) satistying (L3) can be added the set satisfying

> ST D
¢ q 2 3p

with the (p, ¢) = (2, 3) endpoint case excepted. See Propositions2HA3] This range
is labelled R in Figure[Il The key to proving this extended range of estimates is the
dispersive estimate [B.51]), given as (L8] below. Notice that the decay at infinity in
this estimate in, say, the v = 1/2, ¢ = 4 case, is much better than the t=1/2 decay
which is known in R'*3. In fact, the decay here is comparable to what is obtained
in R™7. The fact that 0 is not in the LP-spectrum of —A for M = M3 also has
implications for the Strichartz estimates (IZ) in this context.

Closely related estimates of this sort first appeared in Tataru [27]. There Strich-
artz estimates were shown for 87 — (A + (n — 1)?/4). Relations between these
estimates and ours are discussed in further detail in Section Bl

As an application of such estimates, we consider solutions to semilinear wave
equations

(1.5) (02 — A)u = F(u).

We seek conditions under which (I5]) can be shown to have a global solution, given
small initial data, when F'(u) has the form

(L6) F(u) = alul’,

with b > 0, a € R. For (t,x) € R'*3, it is known that small data global solutions
exist for b > 14 +/2. This was first shown by John [I7] and is the n = 3 case of the
so-called Strauss conjecture, which is now solved. The Strauss conjecture asserted
that, on R'*", global small data solutions exist for b > p., where p,. is the positive
root of

(1.7) (n—1)p*—(n+1)p—2=0.

See [I3] and [27] and the references therein.

On H3, we find that such global existence results hold for a larger range of
b than in 3D Euclidean space. Indeed, small data global existence is obtained
for b > 5/3. This is obtained merely from Strichartz estimates, and we make
no claim of sharpness. In R3, Strichartz estimates only permit one to reach b >
3= (n+3)/(n—1). The range 1 + /2 < b < 3 follows from other arguments.
Notice here the relationship, which is not coincidental, between the conformal power
(n+3)/(n—1) in n =7 and the range for which we show global existence.

For some recent related results on dispersive estimates for the Schrodinger equa-
tion on hyperbolic space and applications to certain nonlinear equations, the au-
thors refer the interested reader to, e.g., [1l, [2], [B], [4], [B], [I6]. While the tech-
niques involved for the wave equation are related to those employed in the cited
works and while the results herein may be heuristically expected based on these
previous studies, significant technical obstacles must be overcome to prove the
dispersive estimates for the wave equation. In particular, Strichartz estimates typ-
ically follow by interpolating an L? — L? energy-type estimate with an L' — L™
dispersive estimate. For the Schrédinger equation, the latter follows from the form
of the representation of the solution. For the wave equation, in Euclidean space,
the L' — L™ estimate requires a more complicated replacement, which typically
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involves Littlewood-Paley theory and Besov spaces. In the absense of an appropri-
ate Littlewood-Paley theory for hyperbolic space, such an estimate is much more
elusive in the present setting. To get around this, we make use of Sobolev spaces
based on bmo-spaces, and interpolation results from [32], which are reviewed in an
appendix to this paper. It is with these tools that the relevant Strichartz estimates
are approached.

This paper is organized as follows. In the next section, some explicit formulas
are given for the solution operator to (L) on H3. Section Bl is dedicated to the
main dispersive estimate (3.51)), i.e.,

—s AVES c
(1.8) I(=A)*2™ =2 f|l e < ——|fll
¥y (1)
provided
2 2
1.9 €0,1), s=2y, ¢g=—"—, ¢=-—"—,
(1.9) 7[)87611_wa+7
where
)+ e*2, <y <1,
1.10 t) = 2
(110 vl {ﬂwtr’w, <<t

Such an estimate follows from the representation of the solution given in Section 2]
together with interpolation arguments, involving bmo-Sobolev spaces. In Section
[, the Strichartz estimates for the homogeneous wave equation, which follow from
(LX), are given. As noted previously, a wider range of exponents is permitted as
compared to the wave equation on FEuclidean space. Section [l contains the proofs
of Strichartz estimates for nonhomogeneous wave equations. These follow, in what
is becoming an increasingly standard argument, from the estimates of Section Hlin
concert with the Christ-Kiselev lemma.

Sections contain the applications to nonlinear wave equations. The first
long-time existence results for nonlinear wave equations are presented in Section
[(l These are analogs of known global existence results in Euclidean space for
p > (n+3)/(n—1), which follow from Strichartz estimates. Due to the richer range
of Strichartz estimates, the power in the lower bound for 3-dimensional hyperbolic
space resembles that instead of 7-dimensional Euclidean space. In Section [ the
regularity on the initial data which is needed for b € [5/3, 3] is improved as opposed
to that given in Proposition [6.Il Section [§is dedicated to proving the existence of
global smooth solutions for (02 — A)u = au?.

The material in Sections is supported by three appendices. Appendex [Al
discusses the telegraph equation and how formulas for its solution yield formulas
in Section Pl Appendix [B] discusses bmo-Sobolev spaces and interpolation results
used to prove the dispersive estimates in Section Bl Appendix[Cl gives some general
results on the nonbreakdown of smooth solutions to semilinear wave equations,
useful in the analysis in Section Bl

2. THE SOLUTION OPERATOR TO THE WAVE EQUATION ON R x #3

Our goal in this section is to derive an explicit formula for the solution operator

sintyv/—A

(2.1) =
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when A is the Laplace-Beltrami operator on H>. We start with the fact that if we
set

(n—1)°
L=A4+-—"
(2.2) L
=A+1 (for n = 3),
which has the property Spec(—L) = [0,00), then there are exact formulas for
various functions of L. In particular, for ¢t > 0,

sint\/—L(S( )= o(t—r)
v—L Y Y= 4rsinht’

where r = r(z,y) is the geodesic distance from z to y in H3. A related identity
(cf. [30], Chapter 8, (5.15)) is

1 1 0
2.4 v—=L)o =
( ) g( ) y(x) (27(')3/2 sinh r a’f’g(T)7
where again r = r(z,y), and § is the Fourier transform of g. Note that
sintyv/—A sintv/A? + 1
———— =Si(v-L), S(\)=——F—rw—-—.
VA2 41

(2.3)

(2.5)

One can deduce from the Paley-Wiener theorem that

(2.6) Supp Sy  {r: |r| < [t]}.
By comparison, note that

5 sin A
(2.7) o(r) = X[—t,] (1) = ¢e(N) =2 N

which leads back to (23]).

Note that §t (r) is the fundamental solution of an equation of Klein-Gordan type
on R x R. This is not surprising in view of the relation between L and A. Here is
a general result relating such fundamental solutions.

Proposition 2.1. Let Ly be a negative selfadjoint operator and, for a € R, set
(28) L1 = LO + (12, L2 = Lo - a2.
Then, fort € R,

' I (aVt? — s?)
(2.9) costy/—L1 = costy\/—Lg+ at %coss\/—Lods
— 52

and
t
Ty (aViE = 52
(2.10) costy/—Lo = costy/—Lgy — at/ % cos sv/—Lg ds.
0 _

Here J; is the Bessel function

> AN 2k+1
(2.11) kzz()k'k+1 ( ) ’

and

(2.12) Ii(\) = —iJy (i)).
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The formulas (Z3)) and ([2.I0) are established in Appendix[Al where they are related
to formulas for the telegraph equation. By (22), we can apply (2I0) with Ly =
L, Ly = A on H?, and a = 1. Hence, on H3,

t
eErs

2.13 costv—A =costvV—L —t ————* cossvV—Lds.
(2.13) % Y Y %
Note that, for ¢t > 0,

ot —r)

4 sinhr’

(2.14) costV—L6,(z) =

as can be seen by differentiating (2.3) (noting that sinh ¢ can be replaced by sinhr
in (23)). Plugging this into (213)) yields

cost\/Idy(x) = M " P I(VEE = 52) 0,0(s — 1) s

47 sinh r 0 2 _ g2 47 sinh r

(2.15)

Integrating by parts yields

(2.16) Gl R/ (C) LT SRR FF VO /e WY

4msinhr  4msinhr 4 sinhr Or
where
(2.17) G\ = ‘]19)
Equivalently,
14 /
costvV—Ady(z) = oe—r) _ Jl(.o)t o(t—r)
(2.18) 4w sinhr 4w sinhr
: o QWEP
4rsinhr (/12 — 2 X{r<t}:
Now
sinty/—A t
2.19 — = cos sV —Ads.
219 VR
Applying this to (m) gives (for ¢ > 0)
sintv/— o(t—r) r (V2 —r2)
(2.20) 0y (z) = - - X{r<t}-
M 4msinhr  4rsinhr /42 — 2

3. DISPERSIVE ESTIMATES

Our goal in this section is to use the formula [2:20) to derive dispersive estimates,
including the following:

(3.1) Hsmt\/_

f
and others, which will be given further on. The main result will be that B2
holds, under the conditions given in ([B.43]).

To begin, noting that

C
sy S g llvscey b =112+ 147,

S(t—r)  d(t—r)

2 =
(3.2) 47 sinhr  4mwsinht
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and that J;(¢)/¢ is an entire function of (2, satisfying
J 3
(3.3) %C)NCC_?’/2COS(C—IW)+~", as ( — +oo,

we have the following dispersive estimate. To state it, we take A > 0 sufficiently
large and set

(3.4) h5°(H3) = (A — A)~*/2 bmo(H?).

See Appendix [Bl for a discussion of these spaces.

Proposition 3.1. Given f € L*'(H?),

sinty/— C
3.5 H | —[Ifllz.
(3.5) f’h LA
where
(3.6) p(t) = [t + [t
Proof. This follows from the estimate
sinty/—A C
(3.7) (R e
vl =50

which in turn follows from (2Z20)). In fact, the second term on the right side of
@20) has L*-norm < C/¢(t), thanks to the estimate

(38) [AOI < CA+ T2 Ce0,00).
As for the first term on the right, it is equal to 6(¢ — r)/(4wsinh t), and we have
(3.9) 16(t =7)|lp-1.00 <C, te€(0,00),

whose proof is essentially the same as that of its well-known Euclidean analogue. [

Remark. Note that the estimate ([B.3]) is stronger as ¢ — 400 than the corresponding
estimate with H? replaced by R3.

We produce further results by interpolating ([3.5]) with the elementary estimate

(3.10) ‘ sin t\/—

= | e < O

HL.2
These estimates involve the Lp-SoboleV spaces
(3.11) H*P(H?) = (1 — A)~3/2LP(H?).

The relevant interpolation estimates are the following. Assume one has a bounded
linear operator

(3.12) R:L*(H?) — HY2(H?), R:L'(H?) — p 1= (H3),
satisfying

(3.13) |Rf[re < Mil[fllzz,  [|Rfllg-1.0 < Mol fl|rr-
Then, for 6 € (0, 1),

(3.14) R: L0 — H20712/0(30%),

and (with Cy independent of R and f)
(3.15) RS | g2o-1.270 < CngeMol_GHfHLz/m—s).
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This result is an analogue of Corollary 2 in §5 of [12]; we give further details in
Appendix Bl
Given ([B.IH), we deduce that for 6 € (0,1),

sin t\/ C

ﬁ”f”LQ/&fe).

. <
(3 16) ‘ H20-1,2/60 — (,O(t)

=
In particular, taking 6 = 1 / 2 gives

H sinty/ —

(3.17) f‘

C
£l ars-
Vet
This is as good as BJ) for ¢t € (0,1] but weaker than B.I]) for ¢ > 1. We need
further arguments.
To proceed, we write

sintv/—A

3.18 ————— = Ryt R(t),
( ) m 0( )+ 1( )
with

sinty/—L T J1(Vt2 —r2
(319) Ro(t) = ), Rl(t)éy(:c) = — - 1( )X{rﬁt}

v—L dmwsinhr  /t2 — 2

Then (B3] is refined to
(3.20) I1Rot) 1= < sl e
(3.21) IR 1~ < = 71

The estimate (BI0) has the following counterpart:

H sintv/—L
v —L

t —
fH < C||sintvV—L fl| 2 +CHS”1
< CQA+ [t re,

which, in conjunction with [BI0) itself and BI8)-BI9), gives

1

(3.22) H1:2 L2

(3.23) 1R () fll > < O+ DI fllz2, 5 =0,1.

Now an interpolation of [3:20)) and (3:23]) gives, granted ([B3.13)),
14|t

(3:24) IRo(0 s < 0 L ST

and, in particular,

1+t

(3.25) [Ro(t) fllL+ < sinh |¢|

£l e

Remark. The estimate ([B:24]) is equivalent to the estimate (23) of [27]. However,
there appears to be a gap in the proof of the result given there. The problem arises
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with the estimate (27), which would imply

C
3.26 M —A) 2R fllpe < ——— ,
(3.26) I = 8) 2 Ro(0)f 1= < ol
in place of (B20). However, such an estimate is not true. (In fact, the last line of
p. 802 in [27] has a small error, whose correction manifests a logarithmic singularity.)
The argument given here closes that gap.

To obtain further operator estimates on R (t), we fix y € H? and take a closer
look at

r (V2 =12
(3.27) O(t,x) = — i )X{rgt}-
sinhr /2 — 2

Let us write this as
q)(t7 $) = q)l(ta J)) + (1)2@’ .’13), D, (ta -T) = q)(t7 x)X{rSt/2}a

3.28
( ) (I)Q(tax) = q)(ta'r)X{TZt/Q}'

We have, for t > 0,

7-L/3<I>1(t,x)pdV(x) —471'/0t/2

(3.29) Ji(N)

rL(E=)

P,
sinh” r dr

sinh r 2 2
< C sup

p t/2 ,rp
/ ———dr
Ast/2l A o (sinhr)r—2

< Gp(L+[t]) %72,

provided p > 2, and

t 2 _ 2
[1eattapav an [ | DU
t/2 sinh r 2 — 2
HS

< C sup
0<A<t

sinh? r dr

(3.30) Ji(\)

P t rP d
A /t/z (sinh r)P—2 "

< Cp(tP v 12)e~ P2

provided p > 2. Consequently,

(3.31) p>2=>|®(t,)|Lr < Cp(1+|t])~%/2

In light of B.19), we deduce

(3.32) IRy (8)fllze < Cp(L+ 1E) ™[ flls, Vo >2.
Since Ri(t)dy(x) is symmetric in « and y, we deduce by duality that
(3.33) 1Ry (8) fllze < Co(L+1t) 2 fllzas Va € [1,2).
Interpolation of (8:332) and ([B33)) yields

(3.34) IRy (8) fll e < Cpg(L+[t) ™21 fllza, V2 >2, ¢ €[1,2).
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If we apply this with p =4, ¢ = 4/3, and combine this with [B:25]), we get
sin t\/

( 1+t

3.35 ‘ |
( ) sinh |¢] + (1+ |t\)3/2> 1fllzass

et PE

which is equivalent to (B.1I).

We want to push on with further dispersive estimates. First, let us recast es-
timates leading up to ([3.35). For the Laplace-Beltrami operator A on M = H?,
these results yield, for

1 2 2
3.36 {_,1), =9y, q= - =
(3.36) TE |3 S=2 4=y 4T
the estimates
sin tv/ —
(3.37) == BN S Tl
mies = T+ 1

In more detail, we have from (BI‘ZIHBIQI%

B39 BB Rt mon Ros =T
from B24) (with vy =1-9),

(140D
(3.39) o0 lr—re < DT,

(actually valid for 0 < v < 1), and from (334),

(3.40) IR () flla < Cpg(L+ )| fllzs, Vg >2,p€[L,2)
Combining (339) and B40) gives B37)).
To proceed, we interpolate the endpoint (y = 1/2) case
sinty/— C
(3.41) | =220, < s oo
of (B3T) with the estimate (B:IIII):
sinty/ —
(3.42) == 24, < Cllss
obtaining for
1 2 2
4 |:7_:|5 :27 =37 > /:—7
(3.43) Ve s=2m a=g =
the estimate
|22 —
om s = (e e 1 e
-]
T e
Combining this with (331, we get for
2 2
3.45 €0,1), s=2v, ¢=+—, ¢ =—,
(3.45) v[)qu1_7q1+7
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the estimate

(3.46) Hsinti V—AfH << il
vV—-A Hi==a — ), (t)
where
[+ [¢32, § <~y <1,
3.47 t) = 2
(3.47) V() {|t|7+|t|37, 0<y<3.

Note that 17! € L'(R) for v € (1/3,1).
As opposed to Euclidean space, one has the result (cf. Appendix[B) that for each
m,s €ER, p € (1,00),
(3.48) (=A)™/2 . HP(M) —s H*"™P(M),
whenever M is a symmetric space of noncompact type. In particular, this holds for
M = H3, and we can apply this to ([3.46) to get
C

(3.49) Isintv'=Aflg-«q < m”f”u?'a

with s,q,q¢" as in (345). Working with the formula (ZI8) for costv/—Ad,(z), we
also obtain

C

(3.50) [costV=A fllg—sa < ===l fll o'
Uy ()
and putting together (849) and 3350) gives
; C
3.51 ENVTA fllg—sa < —— 11l Lo s
(351) e e < 51

again in the context of (3.45).

4. STRICHARTZ ESTIMATES: HOMOGENEOUS CASE

We establish mapping properties of the form

(4.1) T:HV*(M) — LP(R,LY(M)), M =%H>,
where

(4.2) Tf(t,x) =" "2 f(x),

or equivalently

(4.3) T*: LP (R, LY (M)) — H™"2(M),
where

(4.4) T*g(x) = / h eIV Rt 2) dt.

The estimates associated with (1)),
(4.5) ITfllzrrs < Clfllae,

are called Strichartz estimates.



NONLINEAR WAVES ON 3D HYPERBOLIC SPACE 3499

To see when (3] holds, we start by writing
(T*gvT g)H 7.2 = ( A) ’YT*gvT* )

(4.6) // )T TIVTRG (1, ), g(s, ) 2 ds dt

: C// 17~V =2 gt Y -2 llg(s, )| o ds dt,

the last inequality by (348]). Now we apply BXE]I) to obtain

4D (e T gus <C [[ S latt e la(s. )l dsa,
valid for
2 2 2
4.8 0.1 = = h =1—- =
with ., given by (347), i.e
L+ [E2, 3 <y <1,
(4.9) ¢7(t) = { 2
[t + ¢, 0<~ <3
To proceed, let us set
e 1
4.1 P t) = _— .
(4.10) 60 = [ Gy Glds
We have:
Proposition 4.1. Let v,q,q" be as in (£]). Then [@I) and @3]) hold as long as
411 ®, : L” (R) — LP(R).
¥

For a convolution operator such as (@I0) to have the property ([@II), one cer-
tainly needs p’ < 2 < p. To continue, pick ¢ € C§°(R) such that ¢(t) = 1 for
|t| <1, 0 for |t| > 2, and write

o(t) 2 1— ()

(4.12) L) = . Pt = —2,
! Py 7 Py (t)
and then, with obvious notation,
_ &l 2

(4.13) o, =9 + 7.
We have cp}Y compactly supported and
(414) A1) ~ Ol i =0,
while 2 is smooth and, as [t| — oo,

Clt[=*/2,
CltI=*,

O =
IN A

(4.15) Q2 (t) ~ {

‘We have

IN A
t\?l»—‘ —

/ 2
1. .
(4.16) @ : LP (R) — LP(R) provided 0 <7y < P D> 2,
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the endpoint case v = 2/p following from the Hardy-Littlewood-Sobolev estimate,
and the cases v € [0,2/p) being more elementary. Also ®! : L*(R) — L*(R) as
long as v € [0,1). We also have

1
3<7<1 = 2 € L"(R)NL™(R)
(4.17) = @2 : LF'(R) — LP(R), Vp € [p', 0]
= @2 : LV (R) — LP(R), Yp' € [1,2].
In addition, given v € (0,1/2],
, 2
(4.18) ®2 : L” (R) — LP(R) provided 3y > o P > 2,

the endpoint case 3y = 2/p again following from the Hardy-Littlewood-Sobolev
estimate, and the case 3y > 2/p is more elementary. For v = 0,p = co,p’ = 1 we

also have (LIF]).

In summary, we have the following result.

Proposition 4.2. Take v € [0,1), or equivalently q € (2,00], related by

2
419 N=1-12,
(4.19) p
Then [@T) and @3) hold for M = H? provided either
2 2
(4.20) — <~y< - and p>2,
3p p
or
1
(4.21) p=2 and §<’y<1.

Remark. The Hardy-Littlewood-Sobolev estimate cited above is the following. Con-
sider

(4.22) Hof(t) = / RGP

oo‘t_s|a .

Then

(4.23) a€(0,1), 1<qg<p<oo, 1+%:a+$ = H, : LY(R) — LP(R).
Consequently

(4.24) 2 < p < o0, a=§=>Ha:LP’(R)—>LP(R).

Remark. Another way to describe the triples (p, ¢, ) satistying (@I9)-(2I) is to
say that ([@I9) holds and either

1 1 1 1 1
4.25 oI I o — d p>2,
( ) 2 pTq 2 3p anc p
or
1 1
4.26 =2 d 0<—<-.
(4.26) p=2 and 0<: <y

When these conditions hold, we say

(4.27) (p,a,7) € R.
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We next obtain Strichartz estimates for (1/p,1/q) in a different region of the
plane, meeting the previous region on the line segment 1/p + 1/q = 1/2, p,q >
2. The following estimates are closely similar to FEuclidean space analogues in
dimension 3. As usual, we take M = H3.

Proposition 4.3. The mapping properties (@) and ([E3) hold for

3 3 1
428 f}/ = - — — — — s
provided

1 1 1
4.29 —+-<3, Pg>2
If @28) and [E29) hold, we say
(4.30) (p.q,7) €E.
1/p

1/q

FIGURE 1. The Strichartz admissible ranges.

Proof. We know from Proposition .2 that (£26]) holds for

2
(4.31) T=1-7,
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provided ([@20) or (@21)) hold (i.e., (p,q,7) € R), in particular provided
1 1 1

4.32 -+ —-==, pg>2

(4.32) PR

Note that if [@32]) holds, then the formulas [@2])) and (3T]) for v coincide. Hence
Proposition A3 holds when ([@32]) holds.

We now deduce Proposition L3I more generally. First, whenever (£.28) and (£.32)
hold, we can extend (£.26) as follows. We have, for each o € R,

(4.33) u=Tf = ||U||Lp(]R,HU,q(M)) < C\fllgo+v-
We bring in the Sobolev embedding result:

3q
3—o0q’

(4.34) H79(M) C LY(M), q(0) =

valid for oq < 3, when M = H3. Thus we obtain the following estimates:

(4.35) lull o, Lacr (aryy < Clf Lo+

We claim that, for all such o as occur in @34), (p,q(c),0 +7) € &, i.e., we have
the implication

g=q(0) = , Y=o+
3—oq
(4.36) 33 4
:}’y:—_t__
2 q vp
In fact,
3 3 1 3 3-o0q 1
2 ¢ p 2 q P
3 3 1
(437) = - — — — — +0'
2 q p
_ry+o"

which gives ([@36). We also have the converse result: each (p,q,7) € £ can be

written as (p,q(0), o +7), with (p, ¢, v) satisfying (@31)-E32) and o € [0,3/q), so
q(o) € [g,00). Thus we have Proposition O

Let us recall that T is given by
(4.38) Tf(t,xz) =V =2f(z).

It is clear that T' commutes with (A — A)~7/2, so we have the following useful
variant of Propositions [£.2H4.3

Proposition 4.4. Given (p,q,7) € RUE, M = H3, we have
(4.39) T:L*(M)— LP(R,H™"9(M))
and

(4.40) T* : L (R, H"9 (M)) — L*(M).
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5. STRICHARTZ ESTIMATES: INHOMOGENEOUS CASE
Our goal in this section is to establish the following.

Proposition 5.1. Define Vf =u by

(5.1) (02 = Au=f on RxM, u(0)=0adu(0)=0.
As usual, M = H3. Then, whenever
(5.2) (p,q,7) and (p,4,7) € RUE, and (p,p) # (2,2),
we have
(5.3) vV LP (R, HVT (M)) — LP(R, H'="4(M)).

To begin, we note that the solution to (B1J) is given by

N
(5.4) u(t) = / sint = V=4 p g,
0 V-=A

Bringing in ([B48]), we see that to prove Proposition 1] it suffices to show that
when (5.2 holds,

(5.5) Vo : LP (R, HYT (M) — LP(R, H (M),
where
¢

(5.6) Vof(t,z) = / e E=IV=A f (s 1) ds.

0
In turn, we can write (5.6), restricted to t € RT, as

¢

57) Viglt,n) = [ K(ts)a(s.)ds
where
(5.8) K(t,s) = t=9V=4a
is an operator-valued function of s and ¢ and
(59) g(s,x) :XR+(S)f(S,$).

There is an analogous formula for (56 restricted to R™.
A general result of [8] obtains bounds on (57 given bounds on W, defined by

(5.10) Wy(t,z) = / K(t,s)g(s,x)ds.

If1 <p <p<oo, X and Y are Banach spaces of functions, and g(s,-) takes
values in X, then one has

(5.11) W:LF (R, X) = LP(R,Y) = Vi : L (R, X) — LP(R,Y).

Given this, Proposition [B.1]is a consequence of the following.

Lemma 5.2. In the setting of Proposition 5.1, for
(5.12) Wy(t,z) = / etV =Ry(s, x) ds,

we have
(5.13) W LP (R, H"7 (M)) — LP(R, H "(M)).
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Proof. Recalling T, given by

(5.14) Tf(t,x) = ™2 f(2),

we see that

(5.15) W =TT".

Then (BI3) follows from ([@39) and the variant of ([@40):

(5.16) T* : LP (R, H"7 (M)) — L*(M). O

Remark. Regarding the hypothesis (52), we can let (p,p) = (2,2) in Lemma 5.2
but to apply [8] and deduce (5 we need p' < p; hence (p,p) # (2,2).

Here are some variants of the conclusion of Proposition (.11

Proposition 5.3. In the setting of Proposition Bl in addition to (53), i.e.,

(5~17) ||UHLP(R,H1*W(M)) < C||f||Lﬁ’ (R,H7-@" (M))>
we also have

(5.18) IVeaullr @ m—raan) < ClfllLe @ g3 ()
More generally, for each o € R,

(5'19) ||U||LP(R,H<T+1—M(M)) < C”fHLﬁ/(R,HHW’(M))
and

(5.20) IViaull Lo mo-vany) < CNfll o w mo+v.a (ary)-

Proof. These are easy consequences of (53] and (BH), the commutativity of V and
(—=A)~?/2, and the representation

Opu(t) = /o cos(t — s)V—=A f(s,-) ds.
O

We are also interested in the behavior of solutions u(t) to (5.1)) for fixed ¢, which
we denote by

(5.21) Vif(x) = V£t ).
The behavior is the same as that of
t gi(t—s)vV=4
t) = _ d
’ JRINVETN
= T* s
V—A (X[Oﬂf]f)

with T* as in (@), the last identity holding at least for ¢ > 0, with an analogous
formula holding for ¢ < 0. We have

(5.23) (p.q,7) €E RUE = T* : LV (R, LI (M)) — H (M),
and of course 'Y= /\/ZA : H-V2(M) — H'=72(M). We hence have:
Proposition 5.4. In the setting of Proposition .11, for each t € R,
(5.24) Vi LY (R, LY (M) — H2(M),

with operator norm bound independent of t.
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Let us record some special cases of Proposition 5.1l For one, we have
(,a,7) ERUE, p>2
(5.25) — V : LV (R, H T (M)) — LP(R, H*T'=9(M)), Vo
— V : LP (R, LY (M)) — LP(R, H'=2"9(]1)).

Now if (p,q,7) € R,soy=1—-2/q, then ¢ € [2,4] = v € [0,1/2] = 1—-27 >0, so
we have

(pg,7) €ER, 2<q<4
(5.26) = V:L” (R, LY (M)) — LP(R, LY(M)).

Note in particular that

2

ga
from which we deduce:

Proposition 5.5. Take p € [8/3,4]. Then, with M = H?3,

(5.28) VL (R x M) — LP(R x M),
and, for eacht € R,
(5.29) VLY (R x M) — H*/P2(M),

with operator norm bound independent of t.

6. GLOBAL SOLUTIONS WITH SMALL DATA FOR (u = alu|’

Here we obtain global solvability results for

82
(6.1) 8—;‘ —Au=F(u), u(0)=cf, du(0)= ey,
on R x H3, for ¢ sufficiently small, provided f and g belong to certain L2-Sobolev
spaces, in case

(6.2) F(u) = alul’.
Our first result treats small positive b. Then we will obtain results valid for larger
b. The same analysis applies to variants, such as F(u) = alu|’~lu.
Proposition 6.1. Assume F(u) is given by [62), with
5

(6.3) gsb<3.
There exists eg > 0 with the following property. Take f € HY2(M), g € H'~12(M),
M = H3, with

b—1
(6.4) £ 2y llgllar-re <10y = 3=
Then (G1)) is globally solvable for all € € (0, &p].

Remark. In the next section, we prove Proposition with smaller values of 7 in
64). We start here with the less optimal result to minimize the initial technical
details.
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To prove Proposition [6] we bring in the integral formulation of (G.1I):

u(t) = eug(t) + /0 MF(u(s))ds

vV—=A
(65) = ==°(£.g)(t) + Zu(t
= Ecu(t),
where
(6.6) ug(t) = costv—A f + %g.
We take p € [8/3,4] such that
(6.7) bzl%:p(l—%>:p—l,

and set (with M = H?)
(6.8) X§={ve LFRx M) :|[lv[lzr@xrr) <6}
We will show that there exists § > 0 such that, for all sufficiently small ¢,
(6.9) Z. : XF — X is a contraction map.
To prove this, first note that, by Proposition 22, with p = ¢ € [8/3,4], v =
(6.10) 20 H'=2P2(M) @ H=2/P2(M) — LP(R x M).

Note that v = (b—1)/(b+1).
We next need to estimate Zl'v for v € f{g . Thus we will need to estimate
()l 1o (rx ary- In fact, from ([6.2) and (6.7) we have

’ l/p/
1@y =lal ([ o av)

= lal 1l 2o @xar)-

(6.11)

We deduce that

b
(6.12) v € X5 = |[F()ll 1 mxary < Clald
= HElU”LP(RxM) < Cla| 8",
the latter implication via Proposition Since b > 1 when (6:2) holds, we have
the mapping property of ([G.9); given § > 0 small enough, =, : X§ — X} for all
sufficiently small €.

It remains to establish the contraction property. To get this, write

(6.13) Zo0(t) — Bw(t) = / S = VA ) w(s) ds,

0 V-A
where
G(v(s),w(s)) = F(v(s)) — F(w(s))
(6.14) = H(v(s),w(s))(v(s) — w(s)),
with

1
(6.15) H(v,w) = /0 F'(tvo+ (1 — 1)w) dT.



NONLINEAR WAVES ON 3D HYPERBOLIC SPACE 3507

Here, F'(v) = ablv|*~1(sgnv), so

(6.16) [H(v,w)| < C(lo]"~" +[w]*~H).
We have
(6.17) G, )l Lo mxary < 10 = wllLe@xan [|1H (v, w) || - ®xar),
where p = b+ 1, as in ([G.7), and

1 1 1

—+ — = —, hence TZL,
(6.18) p r P p—2

hence r(b—1) =p.
Hence
(6.19) 1 H (v, w)|| r@x ) < C<|| 0" e rxary + |l |w|b71||LT(R><M))
< (Il tann + Il )-

Consequently,
(6.20) v,w € X5 = [|G(v, W) 1 @xar) < C3" o — wl| Lo mxar)

= |Zev — Ecw| po@xary < C6H|v — wl| Lo @y an)

the latter implication by (6.I3]) and Proposition Since b > 1, we have the con-
traction property if § is sufficiently small. This completes the proof of Proposition

6.1l

We next establish the following complement to Proposition

Proposition 6.2. The conclusions of Proposition also hold for

32
21 b < 2
(6.21) 3<b<5, ST

In this case we again take Z. as in (61]), and we will find p,q € [2,00) and § > 0
such that, with

(6.22) Xt ={v e LP(R,LY(M)) : [vllor,Loqary) < 6},

we can show that, for all sufficiently small €,

(6.23) E.: X7 — X7 is a contraction map.
Recall that Z.u(t) = eZ°(f, g)(¢) + Z'u(t) and

(6.24) Elu = VF(u).

We have

(6.25) 20 HYA(M) @ H' Y2 (M) — LP(R, LY(M))
and

(6.26) Vi LP (R, HYT 14 (M) — LP(R, LY(M)),
for

(6.27) (r,9:7), (5, 3,7) €E.

We will impose the condition

(6.28) y+v=1,
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and relate (p, q) with (p, ¢) via the requirement that

(6.29) F: LP(R,LY(M)) — LP (R, L7 (M))
when F is given by (62). That is to say, we require

(6.30) p=bp, ¢=1bq,

or equivalently

1 b 1 b
(631) LT
p p q q
Recalling that if ([€27) holds, then
3 3 1 3 3 1
6.32 _o_2_ 1 T S
(6.32) 1=,y T
we see that ([G.28) is equivalent to
3 1 3 1
(6.33) - +—-+=-+==2.
qg P 4qg p
By (©31)), the left side of (633 is
3 1 b b 3 1
(6.34) Sho43(1-D)+1-Z=a-0p-1(24+ 1),
qa P q b q P
so ([6.33]) becomes
1 3 2
6.35 -4+ —-=—
(6.35) PR

Note that this gives vy =3/2 —2/(b—1).
For ([6:27) to hold we also need 1/p+1/q <1/2 and 1/p+1/q < 1/2. Note that
1/p+1/G=2-b(1/p+1/q), so
1 1 1 1 1 3
(6.36) ﬁ-+ 7 < 5 ¢:¢»p +»q > %’
which in turn requires 3/2b < 1/2, i.e., b > 3. In the setting of Proposition this
restriction on b is fine. To satisfy these conditions, we set

1 1 3
6.37 -+ - = —.
(6.37) PRI
Now, given b > 3, we solve (638 and (637 for p and ¢, obtaining

1 50 -9 1 b+3

6.38 - v - __-'2
( ) p  4b(b—1)" q 4b(b—1)
Note that

4
(6.39) b=3=p=q=4, p":zj’:§,

agreeing with the treatment for b = 3 in Proposition Gl Some further examples
are

48 48  , 12,

ﬁa q:7a p :H7 q :77

b=5=—p=5 ¢=10, § =1, § =2.
By (630)), for p’ and ¢’ to be > 1, we need p > b and ¢ > b. This breaks down for
b > 5, but works for b € [3, 5].

(6.40) P
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Now that we have found p and ¢, verifying the existence of § > 0 such that ([G6.23))
holds (for e sufficiently small) proceeds as before.

We now complete the circle of global existence results of this section.

Proposition 6.3. The conclusions of Proposition [6.1] also hold for
(6.41) b>5, = g — b—il

To prove this, we continue to take =, as in (63]), and we will find § > 0 such
that, for all sufficiently small ¢,
(6.42) =X — %
is a contraction map. Here we set
(6.43) X% = {ue LYR, H " V24(M)) N LY(R x M) :

ull Lar, v 1724 (a0y) < 65 lJull Larxary < 63,

with v as in (@41 and

(6.44) g=2(0b-1).

Note that b > 5 = ¢ > 8. (In fact, b > 3 = ¢ > 4.) Also,
3 4 1 4

6.45 =—_= T =1-Z

(6.45) T=579 773 .

The distance function we put on X% does not involve the norms used in (6.43).
Rather it is given as

(6.46) d(u,v) = |lu—v||La®x rr)-

The following is a simple but important observation.

Lemma 6.4. X%, with the metric (648)), is a complete metric space.

Proof. If (uy) C X} is Cauchy in this metric, then there exists u € L*(R x M) such
that ux — w in norm in L*(R x M). The bounds given in (6.43) also imply that
a subsequence of (uy,) converges weakly in L*(R, HY=1/24(M)) and in L¢(R x M)
(since these spaces are reflexive) to limits also having these norm bounds. All
these limits hold a fortiori in D'(R x M), so these limits all coincide. This implies
u € Xt O

Recall that =, (u) = eZ°(f, )+ V F(u), F(u) = alu|’. To show that (6.42) holds,
we first note that

(6.47) 20 HY(M) @ H'""3(M) — LY(R, H'~V/24(M)),
since (4,4,1/2) € £ and Z° commutes with (1 — A)7/2. Similarly,
(6.48) 20 HY?(M)® H' (M) — LYR x M),

for v and ¢ as in (6.41)) and ([©.44), since also ¢ > 4 and, in such a case, (¢,¢,7) € £.
Next, we have, by Proposition [£.3]

(6.49) ”VF(U)||L4(R,HW*1/2’4(M)) < C”F(u)HL4/3(R,HW*1/2’4/3(M))a

again because (4,4,1/2) € £. We estimate the right side of ([6:49) using the follow-
ing result.
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Lemma 6.5. For F(u) = alul®, b>1, 0 =~y —1/2 € (0,1), and M = H?, or
more generally M a Riemannian manifold with C'*° bounded geometry,

(6.50) | E @) gesroary < CIE @)Lz ulles an.

We will give a proof of this result at the end of this section. First we show how it
applies to prove Proposition First we have, by (650) and Hélder’s inequality,

IE ()l /2 R, mroa73 (01

o0 3/4
= ([ 1PN ey )

(6.51) - i
oo /2, [ 1/4
<c([ 1P onds) ([ 1l )
= C||F' (W)l p2®x sy |ull 24 ®, o4 (ary) -
Next
|F(w)] = ablul®™ = [P () [2aqaear) = C / / W2 v dt
(6.52) L

= CllullLa@an-
Now ([6-49)—([652) yield
(6.53) HVF(U)||L4(]R,HW*1/214(M)) < CHuH%/f(RxM)||u||L4(R,HV*1/2»4(M))'
It remains to estimate the LI(R x M)-norm of VF(u). We claim
(6.54) |V E(u)||La@xary < ClIF ()| pars@, mv-1/2.4/3(a1))
when v =3/2 —4/q and ¢ > 4. This is equivalent to
(6.55) 1V gllLa@w, mr-aanyy < Cllgllpass @, mrrzarsany)s

which follows from Proposition [5.1] since under our hypotheses,

1
(656) (4743 5)3 (q,qa’y) ec.
Another application of ([G.5I)—([6.52) then gives
2
(6.57) IVE(u)|lpa@xary < C”u”(i/q(RxM)||7-"HL4(R,HW*1/2’4(M))'
From the estimates (6.47), ([@48), (653), and ([G57), it is apparent that one can

choose § > 0 such that = : %g — %g for all sufficiently small . It remains to
guarantee (perhaps after shrinking § and e further) that this map is a contraction,
with respect to the distance function (G.48]).
Indeed, for u,v € .’fg,
12 (u) = Ec(0) | La@xary = IV (F(u) = F(0))l| La@x )
(6.58)
< ClF(u) = F(u)llLass @y,

again since (4,4,1/2) € £. Now

(6.59) [ ult = o]’ | < Clu— ol (lul" ™ + [ol"Y),
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and hence, since 3/4 = 1/2 4 1/4,
IF () = POl zarsq@eary < C (ol o + 1ol 2 ) llu = ol

(6.60)
C(llull iz + o)1) = vlls.

Consequently, for u,v € xg,

(6.61) 1Ze(w) — Zc(0) | a@xan < CO Hlu— vl Lamxan-
This proves the contractivity property for =, in ([6.42]). Thus we have Proposition

[6.3] modulo the proof of Lemma [6.5] to which we now turn. We formulate a more
general result.

Lemma 6.6. Let M be a Riemannian manifold with C°° bounded geometry. Let
F:R — R be a C' map such that, F(0) =0, and, for some A < oo,

(6.62) |F(u)| < Clul - |F'(u)]
and
(6.63) |F'(ru+ (1 = 7)v)| < A(|F'(w)| + F'(v)]),
for allu,v e R, 7 €[0,1]. Then, for o € (0,1), p € (1,0),
(6.64) I1F o ullgowrary < CIIE" o ull par (ary ull oz (ar)
provided
(6.65) ! l—i—l € (1, 00] € (1,00)

. - = D] » O], , O0).

p @1 Q2 n ©

Note that ([6.62) and (6.63) hold for F(u) = Fu(u) = alu|® as long as b > 1, the
latter since then |F’,(u)| is monotone in w on R* and on R™. In case M = R", a
result such as Lemma [6:6 (but without (663])) was stated in [9], but its proof had a
gap, which was filled in [24]. In [24] there is a condition more general than (6.63]).
A still more general result is treated in [31], pp. 112-113. These works establish
Lemma in case M = R"™. We use this to prove Lemma for general M with
C* bounded geometry, in concert with the following result. To state the result,
let {¢; : 7 € N} be a tame partition of unity, as defined in Appendix [B], just before
Proposition

Lemma 6.7. In the setting of Lemma [6.6],

(6.66) ||U||ZI){S,,,(M) ~ Z ||‘Pj“||11){s,p(M) + H“Hip(M)v
J

for s >0, pe(1,00).
Meanwhile it is elementary that

(667) ||L,0j’U,HHs,p(]V[) ~ ||<pju o EXpHHs,;o(]Rn)7

given C' bounded geometry. To see how these results give Lemma [6.6] we have

1/p
IF o ullirosany < C( e Foulten) ™ +IF o ullinn
(6.68) ! U
< {2 (les o ulum llgsullaman)”} 7 + IF o ulzoany.

J
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the second inequality by the case for R"™ mentioned above. In turn, this is

/a1 1/q2
<X e oullfu } X lesullions } I o ulles
J J

(6.69)
< CIF o ul|par (any 1ull oan (ary + |F 0wl Lo (ar)-
As for the last term, note that (6.62) implies

(6.70) HFOU”LP(M) < OH |ul - F/(U)HLP(M)

< C||F" ol par (anyl|wll Loz (ar)-

We conclude this section with a proof of Lemma Generalizing (BI1]), we

have

(6.71) H*P(M) = (A — A)~5/2LP(M),

for A € R* sufficiently large; see [32] for more on this. With such a choice of ), set

(6.72) Aqu =Y (M = A)* g,

where {¢; : j € N} is a tame family of elements of C§°(M) such that 9,

supp ¢;. We have

(6.73) ,
B, € OPU;*(M), VW <\,

where OPU% (M) and OPW (M) are defined in (B.34)-(B.38). Now

(M = A)*2 = A, + B,, A, € OPT%(M),

=1on

we can

partition N into a finite number of sets S,, 1 < o < K, such that for distinct

J.j" € Sa, ¥; and v, have disjoint supports. Write

K
(6.74) A=A, Asa= D (A= A) /2,
a=1

JESa
We have
Agy € OP\I/;(M), 1< a <K, hence

(6.75) Aso : HP(M) — LP(M);

cf. [32], Proposition 10.5. Now the support condition gives
(6.76) [Asaulle = Y e = A)**p;ullf,,
JESa

for each a € {1,..., K}; hence

K
[Asull7, < OZ [Asaully,

a=1

(6.77) = Ol = A) P pjully,

J

<Y lgsullyen,

J
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so (since OPW¥ ;> (M) is bounded on LP(M) for W sufficiently large)
[ullfer < CllAsullZy + ClIBsullLs

(6.78) <CY lgjullfyes + Cllull?,,
J

which gives half of (6.60).
For the converse, we have

Do lesullfren < CY I = A)Pojully, +C Y llojulll,
i ' i

J

K
=3 3 {100 = 2l + lesullf, |

a=1j€8,

(6.79) K )
~e {5 wor-arrton | X e
a=1 jES, JESa

p
o)

K
<O (IAsauly + ull, ),
a=1

the third line by the disjoint support condition. By (6.75), this is
(6.80) S CHUHHs,p(M).
This completes the proof of Lemma

7. IMPROVEMENT OF PROPOSITION 6.1

Here we improve Proposition We do not extend the range of b in (6.3)), but
we lower the needed value of v in (G4]). The argument given here is more closely
parallel to that used to prove Proposition [6.2] though with £ replaced by R.

Thus, we take Z. as in (6.5) and we will find p,q € [2,00) and § > 0 such that,
with
(7.1) x5 = {v e LP(R, LY(M)) : v Loz Laany < 0},

we can show that, for all sufficiently small ¢,

(7.2) . Xy? — XP7 is a contraction map,
given
(73) ||f||H'7v27 ||g||H771,2 < 17

with v somewhat smaller than in (6.4). Recall that Z.u(t) = eZ°(f, g)(¢) + Z'u(t)
and

(7.4) Elu =V F(u).

We have

(7.5) 20 HYA(M) @ HH3(M) — LP(R, LY(M))
and

(7.6) vV LP(R, H7~1Y4 (M) —s LP(R, LY(M))
for

(7.7) (r,q:7), (p,4,7) € R.
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In contrast to ([G.28]), we impose the condition

(7.8) F+y<1.
As in ([629), we relate (p,§) with (p, q) via the requirement that
(7.9) F: LP(R,LY(M)) — LP (R, L7 (M))
when F(u) = a|u|’. Thus we require that p = bp’ and q = bg’, or equivalently
(7.10) Togob oyt
p p q q

Recalling that if (1) holds, then

2 2
(711) y=1—-, y=1-——,
q q
we see that (8)) is equivalent to
1 1 _1
7.12 -+=-2>=.
(7.12) 7232
Given (.I0), this is equivalent to
1 1
7.13 S < ,
(7.13) g~ 20b-1)
as long as b > 1.
To restate what we have, set
1 1 .1 1
T=—H Y= T==,Y==,
(7.14) p q P q
vy=1-2y, ~A=1-2y.
Set
(7.15)

R:{(:my)ERQ:ng

IN
N | —
| =
|

K

IN

<

IN
N | =
|
wlr
——
_—
— =
—~
<o
DN | =
—
S
N[ —
~——
S
N~
wl
~—
——

Then, as long as

(716) ($7y) Eﬁa (jvg) = (1—bx71—by) elﬁﬂ Y= 2(b_1)’

we have
20 HV2 (M) ® H'™1*(M) — L(R, LY(M)),
(7.17) F:LP(R,LY(M)) — LP (R, L% (M)), and
V: LP (R, LY (M)) — LP(R, LY(M)).

From (ZI7) we deduce, as in the proofs of Propositions [6.IH6.2] the existence of
€0,0 > 0 such that (72)) holds for all € € (0,¢¢], given that f and g satisfy (7.3)).
A condition equivalent to [I6]) is the following:

—  —

1
(b—1)’

/A 1 /A —
(7.18) (@y)eT, (zy =@ y)eR, y<

where

(7.19) T={1-%1-19): (7§ R}
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is the triangle with vertices (1/2,1),(1/2,2/3), and (1,1/2), minus these vertices.
Here (2/,y’) denotes a new set of indices and should not be interpretted as, e.g.,
Holder conjugates. Now we observe the following.

For b = 5/3, under the map (x,y) = b~1(z/,y'), the vertex (1/2,2/3) of T is
taken to (3/10,2/5) € R. Now (1/2,2/3) ¢ T, but we can deduce that global
solvability in Proposition holds for

5 1

7.20 b= - —.

(7.20) 3 7> E
For 5/3 < b < 7/3, the point (1/2,b/2 — 1/6) belongs to the line segment
between the vertices (1/2,2/3) and (1/2,1) of T, and this point is taken by the

map (z,y) = b~ 1(2/,y’) to (1/2b,1/2 — 1/6b) € R. Note that, for b > 1,

1 1 1
e — < =3 - Th+1<0
(7.21) 2 6b~20b-1) ti=
6
Note also that
1 1 1
R e T
(7.22) 1 b9
_ 1—99y=—"=
Y=op—1n T o1
We deduce that global solvability in Proposition 6.1 holds for
5 7 1 b—2 L5 < TS
(7.23) S<b<g fy_max(%,—b_l)_{g—?’ §+ﬁ<bi§.

For 7/3 < b < 3, the line segment from the vertex (1/2,1) of T to the vertex
(1,1/2) is taken by the map (z,y) = b~1(2/,y') to a line segment in R, with
endpoints (1/2b,1/b) and (1/b,1/2b). For such a b, we have
S
26 " 2(b-1) b
We deduce that global solvability in Proposition 6.1 holds for

7 b—2

The result that global solvability in Proposition [6.1] holds for parameters b and ~
given in ([Z20)), (C23), and (23] records our improvement of Proposition

(7.24)

8. GLOBAL SMOOTH SOLUTIONS WITH SMALL DATA FOR Ou = au?

Here we obtain some global solvability results for
(8.1) (02 — Ayu=F(u), u(0)=cf, 0u(0)=eg,
on R x H3, in case
(8.2) F(u) = au?,
provided f, g € C§°(H?), for ¢ sufficiently small.
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To start, we take the integral formulation of (7.1):

u(t) = eup(t) +/0 %F(u(s)) ds

(8.3) =cZ0(f, 9)(t) + Elu(t)
= Zcu(t),
where
(8.4) uo(t) = costV=A f + STE

vV=A g-
Arguments as in 6] show that there exists § > 0 such that if Xs is the complete
metric space

(8.5) Xs={ve L3R xH>) : |v|s <6},
we have
(8.6) 2. : Xs — X5, a contraction map,

for sufficiently small e. This gives global solvability in Xs of BI)-&2), for
sufficiently small.
For such a solution, let us record that

(8.7) lewo ()| gr1/s.2(ar) < CE[HfHHl/M(M) + ||g||H*2/3»2(M)}
Also, the second half of Proposition gives

HElu(t)HH?/Sw?(M) < CF ()|l psr2mx

8.8

®8) < Clalé?.

Consequently,

(8.9) Nw(O grrrs2ary < Ce|llfll sy + 19l -2/.200) | + Clalé®.

We will use this to show that we get global C*° solutions to (8I)—(82), provided
that ¢ is sufficiently small.

We will make use of some general results on global existence of smooth solutions,
presented in Appendix[Cl To begin, we record the content of Corollary in this
setting.

Proposition 8.1. Let u solve BI)-®2) with f,g € C5(H?). Assume u is a
smooth solution for t € [0,T). Then this solution continues as a smooth solution

fort €[0,T +6), for some 6 > 0, as long as there exist K; < oo such that
(8.10) Ju@llzs < K1, [Vu(®)llzs < Ks.

To proceed, apply Duhamel’s formula to write the solution to (BI)—(&2) as
(8.11) u(t) = eug(t) + w(t),
where ug(t) is as in ([84]) and

(8.12)
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By the dispersive estimate ([3.I), we have

t
Hmmwscégﬁ%gw@wWMs

¢
_ 1 )
- C/O m”u(s)\lm/s ds,

with 1(t) = [t|'/2 + [¢|*/2. Hence we have

(8.13)

(8.14) Wﬁhw%MMHM+C/¢ (o) s
Note also that

(8.15) lall /s < Cllulpallull 2.

Hence

(5.16) wwm<wwmm+c/”“”ﬂ%ﬁ“@

To estimate the second quantity in ([8I0), we use the following result.
Lemma 8.2. For p € (1,00) there exists Cp, € (0,00) such that
(8.17) O;1||VU||LP(H3) < ||(_A)1/2u||LP(H3) < CplIVul| Lo (ns)-

This is proven in [26], Theorem 6.1. Note that the first inequality in (8I7)
follows from (48], and in light of (348]), the second inequality in (BIT) holds if
and only if

(8.18) lullLeezy < CplIVull o).
Applying (—A)Y/? to (8I) and using (8I7), we obtain
|WMHM<O/d) IV s s
(8.19)
- 20/ oy (s g s
Note that
(8.20) 1fgllpas < 1S lLallgllz2,
so we obtain
U Vu
(8.21) [Vu(t)||ze < el|[Vuo(t)||ps + Ca / Jud |l[f(1|_ S)( )z ds.
It is shown in (C.8) that
(8.22) [Vu(s)|| 2 < Kis+ E1(0)Y2,
provided F'(u(t)) satisfies the conditions given in (CH), i.e., in this setting,
(8.23) Ju(t)|| e < K.
In such a case, we get from (82T that
P K (Kys + By (0)1/?
(8.24) [Vut)| s < el|Vuo(t)| L +cg/ i 1;(: 51)( ) gs.
o _

Thus we have the following improvement over Proposition [B.11
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Proposition 8.3. Let u solve BI)-®B2) with f,g € C5(H?). Assume u is a
smooth solution for t € [0,T). Then this solution does not break down ast — T as
long as there exists K1 < oo such that

(8.25) )]s < K.
This in turn holds (by (814)) as long as there exists Ky < 0o such that
(8.26) lw($)|psss < Kay, Vs e€[0,T).

We also have the following.
Proposition 8.4. Let Cy be as in BI6), and take o > 0 such that

o dt 1
2 — < -
(8 7) 5001/0 ’(/)(t) =5
If u is a smooth solution to 8I)-B2) fort € [0,T), with f,g € C§*(H?), and if
(8.28) llu(s)l|z <eo, Vse[0,T),

then u continues to a smooth solution of &I on a neighborhood of [0, T).
Proof. From (BIG]) we get

1
(8.29) lu@lze < elluo(®)llzs + 5 sup luls)llzs,
0<s<t
which yields

(8.30) sup ||u(s)||lpe <2 sup |juop(s)|La-
0<s<t 0<s<t

O

Recalling (89), and noting that § could be taken to be arbitrarily small (generally
forcing € to be even smaller), we have the following.

Proposition 8.5. Given f,g € C§°(H?), and F(u) as in (82), there exists &1 > 0
such that &) has a unique solution

(8.31) ue C°(R x H?),

as long as |e| < e;.

APPENDIX A. THE TELEGRAPH EQUATION AND PROPOSITION 2.1

As mentioned in §2] the derivation of the formulas ([2.9) and ([2.10) in Proposition
2Tl is closely related to the analysis of the telegraph equation. We expand on this
here and prove those formulas.

To begin, the telegraph equation is the case n = 1 of

(A1) O2u + 2a0u — Au =0, u(0) = f, Ou(0) =0,
where A is the Laplace operator on R™. It is well known that if a > 0, then
(A.2) n=1, f>0=u(t) >0 for t>0.

In fact there is a probabilistic formula for u(t, z) in terms of the Poisson process on
R; see [6], pp. 280-282. The result (A2) can be observed from explicit formulas,
which we will derive.
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We make some parenthetical comments on solutions to (AJ). First, granted
sufficient decay of f, if I,(f fRn u(t, x) dz, we readily see that

(A.3) 3t21t(f) +2a0,1,(f) = 0,  9uLi(F)

and hence I;(f) = Io(f) = [ f da.
We now relate (AJ]) to something closer to the subject matter of Proposition
21l Namely, if u solves (AJl), then v(t,z) = e**u(t, x) solves

|t=0 =0,

(A1) 20— (A+a®o=0, v(0)=Ff, du(0)=af.
Hence
sinty/ —
(A5 e u(t) = (costv/—L)f +a f,
) (t) = ( ) VT
where
(A.6) L=A+ad%
Note that
¢ intv/—L
A7 / cossvV—Lds = L,
so ([A2)) follows from the assertion that as long as a? > 0 in (A.6),
(A.8) n=1, f>0= (costv/—L)f >0.
We derive a formula for (costv/—L)f = w(t, z), solving
(A.9) Ofw — (A+a*)w =0, w(0)=f, duw(0) =0,

by comparing w(t) with wq(t), solving
(Al()) 815211)() — A’wo = O, U}o(()) = f, 8tw0(0) =0.

Our approach will borrow a trick from Appendix B (pp. 667-668) of [20]. It starts
with the identity

1 R
(A.11) etbf = 2—/ hi(s) cossv—L fds,
a — o0
with
A 2 2
A12 hi(s) = ——e 5 /4
If we set 4t = 1/\, we see that w(t) = (costv/—L)f satisfies
o 2 1 2
(A.13) /0 w(s,x)e " ds = 5\/§ea AN (/ANA £ ().
By comparison, wg(t) = (costv/—A) f satisfies
> 2 1
(A.14) /0 wo(s, e ds = 5\/§e(1/4)‘mf(x).

In other words,

(A.15) / w(s,x)e*)‘s2 ds = 6“2/4)‘/ wo(s,;zc)e*)‘s2 ds.
0 0
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Note that the change of variable o = s? makes (A.15]) a relation between Laplace
transforms of

(A.16) Y(o,x) = w and (o, z) = Lj—;’x).
Hence a representation of e® /4 as a Laplace transform:
(A.17) e /AN = /000 ©(0)e 7 do
will give rise to a convolution formula:
(A.18) Y(o,z) = /OU o(T)Yo(o — T, x) dr.

To identify the function ¢(c) in (A7), we start with the following:
(A.19) /0 Jy(as)s’”rle*)‘S2 ds = (2;)71/_’_1 e=a’/4x,

This is one of the most fundamental Hankel transforms and is used to prove the
Hankel inversion formula (cf. Proposition 8.1 in Chapter 8 of [30], especially (8.21);
see also (8.32)). We recall that the method of proof was to replace J, (as) in (AI9)
by its power series expansion:

B o) (_1)k as\ v+2k
(A.20) Ju(aS)*;)m (7) ’

and integrate term by term. This works for v > —1. We want to pass to the
limit v \, —1. Of course the integrand converges pointwise to J,1(0Ls)e_)‘s2 =
—Ji(as)e=**". The integral involving each term in (A.20) converges to the integral
of the corresponding term in the power series expansion of J_1(as) (times e_’\sz)
except for the term & = 0. In this case, the integrand converges to 0 pointwise,
but the integral does not converge to 0. Rather, due to the fact that, with v =
—14¢, B>0,

1 (B 1
A.21 — lds=——B° =1 0
( ) F(E)/O s s T as € \(0,
the result we arrive at is
0 1— —a?/4x
(A.22) / Jl(as)e_)‘s2 ds = eT
0

Next we can analytically continue in a. We have (cf. (6.55) of [30], Chapter 3)
(A.23) L(r) = e ™2, 3ir), r>0,
and, in particular,
(A.24) Li(r) = —iJy(ir).
Hence, for a, A > 0,
ea2/4,\ ~1

a

(A.25) / Ii(as)e™ ds =
0
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We note that the power series for .J,(z) yields

[e%s} 1 r 2k+1
(A.26) L(r) = ; Bk + 1) (5)
In particular,

We have achieved (A7), and hence (AIS), with

(A.28) (o) = ﬁ L(ay/a) + 6.

That is to say, with L as in (A.G]),

b I (aVt2 — s2)

(A29)  (costvV/—L)f = (costvV/—A)f + at/ (cossV=A) f ds.
0

12 _ o2
In light of this we see that the positivity assertion (A-8]) is a consequence of
(A.30) n=1, f>0= costvV—Af >0,
which holds because
(A.31) n=1= costv—A f(x) = f(ac—l—t)—l—f(x—t).

2
At this point, (A2) is proven.

Remark. For another approach to formulas such as (A29)), see [I1], Vol. 2, pp. 692—
695.

We now relate the formula (A229)) to the results of Proposition 2l We start with
the observation that in deriving the identities (A T1))—([A-29), we made no use of the
specific fact that A is the Laplace operator; it could be any selfadjoint operator on
a Hilbert space with spectrum bounded from above. In other words, we could take
Ly to be any selfadjoint operator with spectrum bounded from above and make the
replacement

(A.32) A~ Ly, L+ Li=Lo+d%

In this setting, (A29) becomes ([2.9). As for (ZI0), it follows from ([2.9) by analytic

continuation. Alternatively (in fact, equivalently) we can replace +a? by —a? in

formulas (A.6), (A.9), (A.13), (A.15), and (A.17), then replace (A.23) by (A.22) to

get the relevant formula for ¢(o), in this altered version of (AI7):
(A.33) o(o) = —% J1(ar/a) + o
This also gives (Z.10).

APPENDIX B. LOCAL HARDY SPACE, BMO, AND BMO-SOBOLEV SPACES

For use in Section Bl we define bmo and bmo-Sobolev spaces here (and relate
them to the local Hardy space h'), and present results that yield the interpolation
estimates given in (BI12)-(BI5). We present the results in the setting of bmo(M)
and h'(M) when M is a Riemannian manifold with bounded geometry, which is a
more general setting than required for §3] but is of potential use in other settings.
Proofs of results stated here can be found in the paper [32].
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The spaces h! (R™) and bmo(R™) were introduced in [I4], as variants of the spaces
HY(R™) and BMO(R") treated in [I2]. One advantage of the spaces h! and bmo is
that they are invariant under multiplication by bounded Lipschitz functions.

We mention that [15] introduced a variant of H! and BMO for functions on rank-
one symmetric spaces of noncompact type, though the definition there differs from
the Euclidean case in ways that make it problematic to give a unified treatment.
(This is perhaps another advantage of using the local spaces.) On the other hand,
the work of [I5] is directly applicable to the setting of Section [

To define h' (M), we set up the following maximal function. Given f € L{ (M),
let

(B.1) G f(x) = S G- f(x),

where )

(B2) 6.(x) =sun{| [ )£ aV ()]s ¢ € F(B (o))},
with

(B.3) F(B.(x)) = {0 € CAB@) ¢ pllip < oy 1
‘We then set

(B.4) B(M) = {f € Li,o(M) : §"f € L' (M)},

with norm

(B.5) 1 £llys = 16 £l

One could replace C3(B,(z)) by {¢ € Lip(M) : supp ¢ C B,.(x)} and get the same
result. When M = R", the space h'(M) defined above coincides with the space
hl(R™) defined in [14].

To define bmo(M), we set up the following maximal functions. Given f €
Lige(M), let

1
#(z) = su

B = s /\f e !de,
where
(B.7) B(z) ={Bq(z) : 0 <r <1}.
Then define

1
(BS)  Nf(z)= (@) + Mof(@)., Nof(a) = VB (/ | 7l av.
We set
(B.9) bmo(M) = {f € Li,o(M) : Nf € L™(M)},
with norm
(B.lO) ”f”bmo = HNf”L‘X’

In case M = R", the definition of bmo(M) given here is equivalent to that of
bmo(R™) given in [I4].
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It is useful to make note of some equivalent norms. For example, in place of f#,
consider

(B.11) fi(z)= sup inf /\f cp|dV.

BeB(z) ¢B eC V

Given B € B(z) and taking cp to realize this infimum, we have

1
B.12 - :’— - dV‘< s(2),
(B.12) 5= ol = | [ = e V] < £
B
which gives
(B.13) Fi@) < [ (@) <2f%(2).
It is also useful to note that one can fix a,b, ¢ € (0,00), with a < b, and replace

B(x) by

(B.14) B(z)={Q%=x):0<r <1, ac A},
where Q% (z) is a family of measurable sets with the property that for each r € (0, 1],
V(Q¥(x)) > cV(Br(z)), Q%(z)C Bp-(z), forall e, and

By (z) C Q% (x), for some a.

One gets functions comparable in size in (BII) and hence also in (B.f]). In con-
nection with this, we recall that the original treatments in [I8] and [I2] used cubes
containing z in place of balls centered at x. One consequence of this observation is
that the John-Nirenberg estimate, proven in [I8] for functions defined on a cube in

R™, is applicable in our current situation. We have, for each ball B C M of radius
<1,

(B.15)

1 :

(B16) V—_B) /ealjifB‘ dv < Y,
B

with

(B.17) = #, B, constants.
bmo

Cf. (3') of [18].

It is convenient to know that h'(M) and bmo(M) are modules over Lip(M) N
L>°(M). In fact, a more precise result holds. Let o be a modulus of continuity, and
say

(B.18) a€C’'(M) <<= la(z) —a(y)| < Lo(d(z,y)), for d(z,y) <1,

for some L € [0,00). Define ||al|c to be the smallest L for which (BI8]) holds (this
is a seminorm). We then have the following result, proven in [32].

Proposition B.1. Let o be a modulus of continuity satisfying the Dini condition

(B.19) D(o) = /01 @ dr < oo.

We also assume that o(r)/r is monotonically decreasing on (0,1] (or constant).
Then

(B.20) a€ L>®(M)NC° (M), febh(M)= af € h*(M).
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On the other hand, if a € L=®(M)NC7 (M) with

(B.21) o(r)= (log %)71, 0<r< %,
then
(B.22) f €bmo(M) = af € bmo(M).

The proof of (B:2Q) is fairly straightforward; Schur’s lemma is involved. The
proof of (B:22) uses the John-Nirenberg estimate (B.IG]).

Remark. Note that the Dini condition (BI9) just barely fails for o(r) given by
(B21)). h'-bmo duality, discussed below, allows one to amalgamate these results.

Using Proposition [BIl we can establish the following result. To state it, we
define a tame partition of unity on a manifold M with bounded geometry to be a
partition of unity whose elements, pulled back by exponential maps, are bounded
in C§° of a ball in R™ and whose supports have a bounded number of overlaps.

Proposition B.2. Let {¢r : k € Z*} be a tame partition of unity. Given f €

Ll (M), we have
(B.23) Fen (M) = llpwflp < oo
k

and
(B.24) I llor = Y llprf Iy

k
Furthermore,
(B.25) J € bmo(M) <= sup ||k [[bmo < 00
and
(B.26) [l llbmo = Sup 1k f lbmo-

Proposition combines nicely with the following elementary result. In the
statement, we use an isometric isomorphism of the n-dimensional inner product
space T, M with R™, determined uniquely up to the action of O(n).

Proposition B.3. We have, uniformly in k € Z+,

(B.27) e fllorary = |(prf) o Exp,, |61 ®n)

and

(B28) ”(Pkabmo(M) ~ H(‘Pkf) o Eprk Hbmo(R")~

Corollary B.4. In the setting of Proposition [B.2],

(B.29) 1Flsary & D 1w f) 0 Expy, llys eny
k

and

(B.30) ||f||bmo(M) ~ Slip | (prf) o Exppk Hbmo(]R")-
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These results open the door to making use of Euclidean results of [14], and, by
extension, results of [I2]. For example, we can prove the duality

(B.31) h'(M)" = bmo(M),

using Corollary [B:4 and the result of [14] that (B:3I) holds for M = R™, itself a
consequence of the famous result

(B.32) H'(R™) = BMO(R")
of [12]. Furthermore, the result of [14] that
P € OPS} ((R") = P:§'(R") = h'(R") and

(B33) P bmo(Rn) — me(R”)

can be used to prove important results on the action on h*(M) and bmo(M) of
certain classes of pseudodifferential operators, which we now define.

Given an operator P : C§°(M) — D'(M), we say P € W};(M) provided the
following conditions hold. First we assume its Schwartz kernel Kp € D'(M x M)
satisfies

supp Kp C {(z,y) € M x M : d(z,y) <1},
sing supp Kp C diag (M x M) = {(z,z) : x € M}.
Next, we assume that, for each p € M,
(B.35) Mg, PM,, € OPST(R"),

with uniform bounds, independent of p € M, where this statement has the following
meaning.

A Riemannian manifold with bounded geometry is covered by balls of radius
Ry > 0 such that the Riemannian metric tensor, pulled back by the exponential
map to a metric tensor on Br, C T,M =~ R", is bounded in C*°(Bg,), with
bounded inverse, independent of p. Scaling, we take Ry > 4. Thus functions
supported on By(p) C M are identified with functions supported on B4(0) C R™.
We pick ¢; € C§°(B4(0)) = C5°(Ba(p)), equal to 1 on By(p), and set M, f = o, f,
and use these identifications to regard M, PM,,, as operating on functions on R".

Then, given W > 0, set

(B.34)

(B.36) Ui (M) = {P# + P*: P# € U}(M), P* € Uy°(M)},
where we say P € U,,>°(M) provided it has the form
(B.37) PPfa) = [ K ) dv ),

M

where kb € C™(M x M) satisfies
(B.38) K (2, y)| < Cj(d(x, y))Te”Wilew),

and also such estimates for all x and y-derivatives of k°(z,y) (say in local exponen-
tial coordinates). The need for the exponential decrease follows from the fact that
for a manifold with bounded geometry, there is a volume estimate of the form

(B.39) Vol(B,.(y)) < C(r)"e"™,
and if k > 0 one needs such decay for good operator properties. We mention that

(B.40) M=HM,—=r=n—1.
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Here are useful operator boundedness results from [32].
Proposition B.5. Take s as in (B39). Then
(B.41) PecW, (M), W>k = P:b"(M)— b (M) and
P : bmo(M) — bmo(M).

As shown in [32],
(B.42) A>W?2= (A - A)~*/2 € Uy (M).

We can define Hardy and bmo-Sobolev spaces. We can take A > x? and set
(B.43) h>1 (M) = (A = A)~*/2p' (M),

[h5(M) = (A — A)~*/2 bmo(M).

These spaces are shown to be independent of the choice of ), as long as A > x2.
One can show that, for k € Z7,

b (M) = {u € b1 (M) : Lu € b} (M), VL € VF(M)},
b (M) = {u € bmo(M) : Lu € bmo(M), VL € V¥(M)}.
Extending Proposition [B.5] we have:

(B.44)

Proposition B.6. Take m,s € R and assume W > k. Then
Pe U (M)= P:b> (M) — bh*"™ M) and
P> (M) = h>7 "= (M).

Another result of [32] is the following analogue of the sharp maximal function
estimate in LP of [12]. (For M = H", this also follows from results of [15].)
Proposition B.7. Assume p € (1,00), f € L}, (M), and Nf € LP(M). Then
feLP(M) and
(B.46) 1 lleary < CpllN Flle an)-

Using this, [32] establishes the following interpolation result, a variant of Corol-
lary 2 of [12]:

(B.45)

Proposition B.8. Take s € R. Assume we have a bounded operator

(B.47) R:L*(M)— L*(M), R:L'(M)— bh*>>(M),
satisfying

(B.48) [Rfllz> < Myl fllLz: [ Bf[lgsoe < Mol| flzr-

Then, for 6 € (0,1),

(BA9)  R:LPO(M) - OO (D), pl) = 5o pl6) =,

and (with Cy € (0,00) independent of R and f),
(B.50) IRf | pra-arencor < CoM{ My ~°||fll oo
It is this result which is used in BI2)-B.13).

Remark. The results mentioned above are counterparts to LP-Sobolev space results,
which are also covered in [32], as well as in other places. There are sharper results
covered in [32], which we will not discuss in detail here. We mention that (3.48) is
given as Proposition C.1 of [32].
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APPENDIX C. GENERALITIES ON GLOBAL SMOOTH SOLUTIONS

For use in §8 we present some general results on when one can guarantee that
solutions to a nonlinear wave equation for ¢ € [0,7") do not break down at ¢t = T.
We consider solutions of semilinear wave equations of the form

(C.1) (0F = A)u=F(u), u©0)=f 9u0)=yg,

on R x M, where M is a complete Riemannian manifold, of dimension n, with
bounded geometry and A is its Laplace-Beltrami operator. We assume that F' is
smooth and F'(0) = 0. We take f,g € C§°(M). In this setting, local solvability of

(CI) is well known.
We assume the following special property on M:

(C.2) Spec (—A) C [4,00), A>0.

Recall that our application of the material in this appendix will be to the case
M = H3. In case M = H", an n-dimensional hyperbolic space having constant
sectional curvature —1, then equality holds in (C.2), with A = (n — 1)2/4 for
n=3, A=1. (Cf. [30], Chapter 8, §5.)

To start, we assume that u is a smooth solution to (CI) on [0,7) x M, with
compact support in M for each ¢ (by finite propagation speed) and examine some
energy estimates. First,

@ Moz + IVu()]32) = 2 — o)
(C.3) = 2(F(u), u) 2
< 2 F (u(t)) [0 .

Next,
C(18uls + I Vuel3a) = 2(Aue, Au) +2(Vu, V)
= 2(Aut, Au — uy)
(C.4) —2(F(u), Aug)
= 2(VF(u) Vuy)
= 2(F'(u)Vu, Vuy)

< 2||F'(u(®)) |z | Vet) | [ Vel 2.
We bring in the following well-known general result. (Cf. [30], Chapter 16, §3.)

Proposition C.1. Smooth solutions to (CI)) on [0,T) do not break down ast — T
as long as ||u(t)|| L is bounded.

Since D(A) € L>*(M) for n < 3, we have:

Corollary C.2. Assume n < 3. Then smooth solutions to (CIl) on [0,T) do not
break down ast — T, as long as there exist K; < oo such that

(C.5) IF )l < K1, [F (u(®)llrs < Kay o [[Vu(t)| s < K.
In more detail, set
B (t) = [0wu(®)]|72 + [ Vu(t)|Z.,

C.6
(€0) Ba(t) = [ Au()]2: + Vs (02
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Then we have

%El(t) < 2K1+/ Eq(t),

S Ea1) < 2Ky /(D).

(C.7)

and Gronwall’s inequality gives

Ei(t) < (Kit + E1(0)/%)?,

By (t) < (KoKt 4+ E5(0)'/?)2,
Corollary is applied in §8 in the form of Proposition Bl

(C.8)
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