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Abstract

We will study regularity properties of the solution operator & to the
subcritical semi-linear wave equation, and in particular the Lipschitz con-
tinuity in the (non-linear) energy space in low dimensions.

1 Introduction

We will discuss regularity properties of the solution operator & to the semi linear
hyperbolic equation

Otu — Au+m?u+ f(u) =0,t >0, z € R", ulo= ¢, dyulo= v, (1.1)

in case m = 0, f(u) = |u|’"'u (we could use more assumptions on f, e.g. those
n [11]) and where the data ¢,v belong to (H3 N L,.1) x Ly = X,, the energy
space for the non linear equation. If m # 0, the space H21 is replaced by the
corresponding inhomogeneous space Hl = H21 N Ly. If m > 0, we denote the
equation (1.1) by NLKG (the non linear Klein-Gordon equation), and if m = 0,
we denote it by NLWE (the non linear wave equation). Regularity properties of
& for the NLKG were discussed in [11].

For any solution u with data in the energy space X, the energy

1 1
E(u) = 3 /(|8xu|2 +m?|ul® + [Qul*)dx + P / lu|ttdx
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is conserved for p < p*(n) = 242 and is for p > p*(n) uniformly bounded by the
energy of u(0) (cf. Strauss [37]).

Above H; denotes the homogeneous Sobolev space of order s, based on L,,, where
for p = 2 we may drop the reference to the Lj-space. The corresponding inho-
mogeneous space is then Hy = Hj N L,

For the linear and non-linear Klein-Gordon equations, the energy spaces on which
energy is conserved in the sub-critical case are the same (by Sobolev’s inequality),
that is Hi x L.

This is not the case for the linear and non-linear wave equations, however. Here
the energy space for the linear equation is, leaving out non-zero constant solu-
tions, I/ = H21 N Ly41 X Ly. with nd,-41 = 1 for (corresponding to the critical
case p = p* for the non-linear equation), while the NLWE has as energy space
X.=H}N L,y x Ly. We will write e(I) for Lo, (I; X.) and E(I) for Lo(I; E).
Solutions with finite energy data are unique in the sub-critical case (see Ginibre
and Velo [16],[18] and also [10]). We give a short proof for the NLWE below.
The following result is partly known and implicit in these uniqueness and exis-
tence results. For a proof, see e.g. [11] in the case m > 0, and for earlier related
work for m = 0 in [18]. The differences in results between this paper and that of
Ginibre and Velo [18] is mainly a result of a different choice of the basic energy
space X, and the focus on slighly different problems for the NLWE.

Theorem 1.1. Let 3 < n < 7, and p*(n) > p > p, = 1+ . Then & is
Lipschitz continuous on the energy space X, fort > 0.

The following comments follow from the proof of Theorem 1.1.

(1) With the lower bound p > 1 + -2 Theorem 1.1 holds also for n=8.

(2) Let 3<n <7, and p*(n) > p > 1. Then & : X, — E is Lipschitz continuous
for ¢t > 0.

The question of uniform estimates in the time variable will be treated in a sequel
to this paper.

As for m > 0 (although not proved here) the solution operator for the NLWE in
the subcritical case is also Holder continuous of order a(n) > 0 for n > 3 on X..
([11).

The restriction to low dimensions in Theorem 1.1 is natural ( and the given
bounds of the space dimension probably necessary) in view of the results on Lip-
schitz and Holder continuous opertors in [13].

We will supply a proof of Theorem 1.1 based on the methods used in [11].

For basic properties of Besov and Sobolev spaces we refer to Bergh and Lofstrom
[3] and also [2],[14]. For a discussion of the homogeneous Besov and Sobolev
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spaces in the present context, e.g. representation of the elements in the homoge-
neous spaces as distributions, see Bourdaud, [5], [6] and also the Appendix in [18].

2 Energy spaces

For the linear and non-linear Klein-Gordon equations, the energy spaces on which
energy is conserved in the sub-critical case are the same (by Sobolev’s inequality),
that is H} x L.

As mentioned in the introduction, this is not the case for the linear and non-linear
wave equations, however. Here the energy space for the linear equation is, leaving
out non-zero constant solutions, H3 N L,+1 X Ly. with nd,~ =1 (corresponding
to the critical case for the non-linear equation), while the NLWE has as energy
space X, = H21 N L,+1 X Ly. We will write X! for the first component.

Let us point out a property of finite energy solutions u(t) of the linear and
non-linear wave equation (cf. [39]): Assume that additionally u(0) = ¢ € Ls.
For such u(t), t — Ou(t) is weakly continuous in Hi and so, again weakly,
u(t) = fot Owu(7)dT + u(0). Thus the Ly-norm of u(t) is by the energy inequality
estimated by

lu(®)lZ, < AT*E(u(0)) + 2llu(0)]Z, , 0 <t <T

for any T > 0. If we apply (linear) interpolation between H} and H21 N Lyey1 we
find that:

if ug is a solution of the wave equation, with initial data in X, =
H}N L,41 X Ly, then also uy € L%¢(X,), and in particular, ug(t) € L,
for p+1 < p < p*+1,t € Ry, with growth in ¢ bounded by
C(1 4 t)tmdw,

By the energy inequality, the same statement holds for the solution u(t) of the
non-linear equation, now with uniform estimates i time, however.

3 Solution operators and basic kernel estimates

Let ug be the solution of the wave equation

Olu—Au=0,t>0,r€R", ulp= ¢, dulo= v, (3.1)



with (¢,) in X. = HI N L,1 X Lo, with p < p*. Then we can write

uo(t) = Eo(t)g + Er(t)y

and by e.g, [7]
[Eu(t)v]

B;: S Kﬂ(t)HUl B;v H = 07]- ) (32)

where for 0 <0 <1
O=p—(n+1460)0+s—35 (3.3)
and where K ,(t) satisfies

Let K (t) denote the upper bound in (3.4). Notice that with the assumption (3.3)
K is independent of p. If

mn—1-60)<1 (3.5)
then K € Ll with 1 <r < m.
If we replace the Besov spaces in (3.2) with their inhomogeneous counterparts,
then we may use inequality (<) in (3.3).
At this point it is convenient to notice that the finite energy solution of (1.1) is
the (weak) finite energy solution of integral equation

u(t) = uo(t) + /0 By(t — 1) f (u(r)dr (3.6)

where ug is the solution of the linear Klein-Gordon equation (3.1) with the same
initial data (in X,) as u.

Remark We have (cf. [19]),
55 18,2 s hs' _ s’2 18’
By=DBy"2Hy,,p<2, B,=B,"CHy ,p>2 (3.7)

Thus estimates of the B;’:-norms (in terms of B;’-norms) imply the corresponding
estimates in the Sobolev norms H;,' (in terms of the Hg—norms). Estimates of the

H;—norm in terms of H;,/ -norms in the same way imply the corresponding Besov
space estimates. The estimates in this section (these subsections od Section 5)
will be proved in the appropriate strongest form - so that all the main estimates
will be equally valid in Besov space norms as in Sobolev space norms.
We will also use the Sobolev embedding in the following form for the homogeneous
Besov spaces (for a short proof, see [19]): Let s; € R, 1 < p; < p and let §; = 9,,,
1 =1,2. Then N "

B;i g B;g, lf p_l — S1 = p_2 — So9, (38)
and in particular if

nd1 + S1 = ndy + Sg, p1 > 2
and correspondingly for ps < 2, changing the signs of the s;.
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4 Strichartz type estimates

Using (3.4), a duality argument (a clear exposition of the duality argument can be
found in Ginibre and Velo [18]) and Young’s (or the Hardy-Littlewood) inequal-
ity, we obtain the following space-time estimate the classical Strichartz estimates,
originated by Strichartz [38]. For general Strichartz estimates, see Ginibre and
Velo [18], and the references given there.The endpoint estimates are due to Keel
and Tao [25].

First some notation: We denote L,.(I; B;f) by A(s',I) and L.(I; By) by B(s,I)
for any interval I in R,. If (r/, s, p/) or (1,1 —s,p’), where as usual 7/, s’ are the
duals of r, s, are Strichartz triples, i.e. satisfy (4.1) below, then we simply write
A(I) and B(I), respectively. With a,b, ... we denote the spaces A, B, ... with
the Besov spaces replaced by Sobolev spaces.

The corresponding spaces with homogeneous Besov or Sobolev spaces are as usual
supplied with a - on top.

In addition we write B = H3 N Lyey1, BE(I) = Loo(I; Hy N Lyeyq) and e(I) =
Loo(I; X}).

Proposition 4.1 (Strichartz estimates). Letn > 3, s’ € R and ', p' > 2. Then
if ug is a finite energy solution of the wave equation,

uy € A(I), any interval I C R
and

[wollacry < Clluollem

with C independent of I and wg, provided (r',p',s") satisfy

1 1
6—s", and — = 5(71—1)5—3” <
r

_n+1

s =1

, (4.1)

| —

for some s" > 0.
For n =3 the value ' =2, (n—1)0 =1 is not allowed.

We call a triple (1, &', p’) satisfying (4.1), with the endpoint restrictions a Strichartz
triple.
Another way to write (4.1) is (cf. [19])

1
s ndy — — =1 (4.2)

2/ < min((n —1)§,1)
,

(4.3)



again with 7 =2, (n —1)d = 1 not allowed for n = 3.

Let as above X! = Hj N L,.;. Then by the discussion in the end of the last
subsection,

Ll (XY c Lie(XH) c Li(Ly), p+1<p <p"+1, 7 < +o0 (4.4)
so that
luollz, 2,y < C)|uollery, p+1<p" <p"+1, 7" < +o0 (4.5)

where [ is a bounded interval i R;. With the Strichartz estimate this proves the
following estimate for solutions ug of the wave equation with data in X.:

lluoll any < CD)|Juollerys L CC Ry, p+1<p <p"+1 (4.6)

We may take this further, however. Since uy € L./ (I; B;f) for any Strichartz

triple with p +1 < p' < p* + 1, ug(t) € Ly for & > 1% — %’ for any p’ in this

range: hence

1 (n—1)5/
Op =—_ 4 /P
P n+ 2n

Thus ug € LY(B5,), where (r”,s”,p") is a Strichartz triple ( as long as (n —
1)0,» < 1). If we bootstrap this argument, and use that

o0

%Z((n_l))kz 1 TLZ?)

2n
0

with strict inequality for n > 3, we find that in a finite number of steps we reach
(n —1)6y =1 for n > 3, and come arbitrarily close to this for n = 3. Together
with the Strichartz estimate, (4.2) and (3.8), this now proves that

luollay < CUINNwollery, T €C Ry, p+1 <7, (4.7)

If we assume p*+1 < p’ then e(]) may be replaced by E(I), with C(|I|) depending
on the X .-norm of the initial data.

We now turn to some variations of Proposition 4.1 and the Strichartz estimates.
Let wy be defined by

wo(t) = /0 Ey(t — 7)h(7)dr (4.8)
where h = h(t,x) € L'*(Ly).

Proposition 4.2. With the notation of (3.2) through (3.4), let u = 1. Let
I C Ry, let wy be defined by (4.8) with the integral taken over I. Let A(I) be
defined as above, let B(I) = Ly(I; B}). Let (r',s',p') and (7,5, p') be Strichartz
triples with s =1—38. Then

|woll g1y + l[wollaary < Cllbllgay, t €T (4.9)

with C independent of I.



For a proof, see e.g. Ginibre and Velo [18], and for the end-point estimates [25].

We will use (and prove) the following variation of Proposition 4.2.

Proposition 4.3. With the notation of Proposition 4.2, let I be a bounded in-
terval in Ry, and let wy be defined by (4.8) with the integral taken over I. Then
Jor0<e< 4,

lwoll iy < CUI Pl Bssen, t €1 (4.10)

with C independent of I.

Again, we want to use initial data i X, and hence estimate also wy in L!°¢(X}).

Excluding non-zero constants (which will not be in X.) we have by Proposition
4.3 and the invariance of E,(t) under (fractional) powers of (—A) we get for
>0

lwo(®)ll -+ < CHI Al te—onys t €T (4.11)

and since under these assumptions,
H21—0' C Lp+1, c=1-— n5p+1
by Proposition 4.3 we get the following result:

Corollary 4.1. With the above notation, let e(I) = Loo(I; X}). Then for I a
bounded interval in R

lwollecry < CHI(II7] Bs4e—o.r) + 1Pl Bs1er)) (4.12)
with C independent of I, where
c=1-— n5p+1 = n(5p*+1 — 5P+1) (413)

There is another consequence of Proposition 4.3:The uniform continuity of w(t)
in Hj-norm.

Corollary 4.2. Assume that h € B(s+¢,1), I C Ry and e > 0. Then wy(t) is
uniformly continuous on I in the Hi-norm.

PROOF: Let t,t' € I. We have then

¢
wo(t) —wo(t") = / Ei(t — 7)h(r)dT + (Eo(t — t') — Iwo(t")
v
where by Proposition 4.2 and our assumptions wy(t') is uniformly bounded in E.
Since E(t")—I tends to 0 uniformly on E as t” — 0, the second term is uniformly
continuous on E for ¢, € I. Applying Proposition 4.3, our assumptions on h
imply that the first term is Holder continuous of order ¢ > 0 on E for ¢,t' € I.
This completes the proof. 0]



PROOF: [of Proposition 4.3 based on Proposition 4.2] Let € > 0, Then if (7,1 —
5,p') is a Strichartz triple, the so is (7,1 —§ — ¢, ), where 7} = % +¢e. Replace 7
by 7. and § by §+ € in (4.10). Then apply Holder’s inequalitgf to the Ly -integral
over I, and the statement in the Corollary follows. 0J

5 Besov- and Sobolev space estimates of u +—

f(u)

The following estimates of f(u) are well known (cf. [8],[18]) and contains a version
of Lemma 3.1 in [11] (some misprints are corrected here) for homogeneous spaces.
The proof is a straightforward application of Holder’s inequality, but as it contains
an unusual twist in case p < 2, we give a sketch of that part of the proof.

As before (motivated by our study of functions u in Hj N L,,,) we exclude non-
trivial constants from the homogeneous spaces. In applications we will usually
assume (as in (3.3) through (3.5)) that (n —1 —6)d < 1.

Lemma 5.1. Let f(u) = |ul~ u with p < p* = 22,

Let 0 < 6 < 1 and assume that 1 > s, and that s, s' > 0, with s — s =
(n+1+0)5 — 1. Assume in addition that € and n are real.

Then
-1 1—
1 (@)l pgee < Clully, ™ ull 5. (5.1)
p
where for p <2 —n,
s+e—¢
Ty tlouse (52)

l—p<n<2-p

and where for p+n>2,1—p <n<min(l, p—2), provided

ndé—1+s 1
= 0,0) — 2n——m— — 2 5.3
n+2n—1-40)0
0,0) =
p<n7 Y ) n — 2
Correspondingly for non-homogeneous spaces B, and B;f we have
1f ()| ggre < Cllulle™ " ull,.7 (5.4)

pl

provided that (5.3) holds with equality replaced by inequality (<), and with an
additional lower bound

p>1440—2n0 +26,01(p—1+1n) (5.5)



Remarks In particular, (5.5) holds for 6 < 0,41 for any p > 1, and the right hand

side of the inequality is then less than or equal to the right hand side of (5.3) for

0 = 0 and € small. The maximal value of p(n,d,0) is then (for § = 0) p = n?_;%

for p < p*, as nd,«11 = 1. This implies that the non-homogeneous estimate holds
forl<p<pandp =p+1.

The range of p in the homogeneous estimate is for |e|, |n| small, and with
(n—1-0)0 <1, given by % <p—-1< ﬁ.

The value of s’ may be chosen larger than in the corresponding Strichartz esti-
mate, depending on 6.

PROOF: Assume first 7 = 0 and that p < 2.We may assume equality in (5.2),
replacing By by B;. Let 5 = s +n(dp —0,) = s+ ¢
We shall use (5.2) and (5.3) to prove (5.1). With uj, = u(-+h), and wy, = w(up, u),

[Pl 1f (un) = f ()] < TRI72Lf (wn)[un — ul
where
|f'(wn)| < Clunl + [ul)”™
By (5.2) wehave s=s"+ (p—1)(1 =) =0 =p—1+5(2 — p), and so,

[~ fun =l < (1] fun — )~ (1] up, — ul)*

Taking Lo-norm in space of the first factor on the right, and the L,-norm of the
second factor, we get using Holder’s inequality that

1@l < Cllully Nl Al

with % = i — %, provided
1 1 1 1 s 1 Y
—+4=>0p-1)=+2—p)(z -6 —1)(z—60——)==—-9¢ —1)(z——
= (= 1)y + 2= )5~ )+ (-5 —F- 1) =g~ 0+ (=15~ )
and so

nd+2 =(p—1)(n—2)+2(p—1)(1 -
Now by (5.2)

(p—1)(1—-8)=s+€—-s=+(n+1+6)0—1

which gives the bound (5.3). If § = s+ € + €, we get (5.3) with n = 0.

Next replace p by p+n < 2 in the above argument and we get (5.1), provided
(5.2) and (5.3) hold. Estimating f(u) = f'(w)u in L, splitting |u| in |ul?~u|?>~*
and estimating the factors in L,;; and Ly, respectively, and |f'(w)| in L, we
obtain (5.5).

The proof of (5.1) for p > 2, p+n > 0 is a straightforward application of Hélder’s
inequality. 0



6 Space time integral estimates of u — f(u)

We shall establish Space Time Integral (STI) estimates of u — f(u), as they
appear e.g. in Propositions 4.2 and 4.3 in terms of the norms of u given in
Proposition 4.1.

We assume throughout that f(z) = |z|°"'z, that n > 3, and that 1 < p <

1+ 45 =p"
Then let s =1 — ¢, and (1, s, p) be Strichartz triple. We define
1 0 1 1
—=1—-—, —=-+44d0, 0<0< 1 6.1
COINTO R A oy

so that (r(6),1 — 0s,p(#)’) is a Strichartz triple, too.
Let I C Ry be an interval. We will for for short write A = Ly([; B;f ) and
BQ(S, I) = L,«(@)(I; B;(G))
Define
B=p+0-20<0<1 (6.2)

For n = 3,4 we assume that [ is an integer, and (in consequence) that § = 0 for
p <2 alln > 3. If n =5 we will below choose 3 suitably in the range % <p<1
for2<p§p*:2%.

Notice also that s = £(n + 1)d.

As before, u, = u(- + h). Then
[f(un) = ()] < Clunl + [ul)*~ fun — u|

Assume that € > 0. In view of Proposition 4.3, we will eventually restrict € to be

< %(n —1)0.Let als 0 <0 < 1and v = ¢ for p <2 and v = 1 otherwise.With

5= O(s+¢) and 0 = % we get, provided § = s + e <y (see [d], [d’] below)
[l = ul < (B = )’ fup = uf' =

and so for h small

B 751 Cun) = f ()] < Clul™ (12w = w])’

Then with a constants C' and C(I), where C(I) < C(1 + ][])(%’5)(’)’5) may
depend on I,

1f @)l By@sten < Cllull ) lullZ,
< )l llullZy (6.3)

and the corresponding homogeneous estimates, replacing e(/) by E(I), provided
that, after some (straightforward) reductions of “standard” Sobolev and Hélder
estimates,
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in particular

1 'y gl
0= (- 0)G - 2) a0 o)
and for 5 > 1,
S 00= (0= )50~ )+ (B-0)G — 1)+ (0)

which give for g > 0
n > p(n—2)—(p—p)(n—1)0+0(n+1)0—2n60+20c = p(n—2)—(p—5+0)(n—1)5+20¢

If we want to use homogeneous norms in (6.3), we need in addition to
the above estimates with e(/) replaced by E(I), and > replaced by

In addition, for the non-homogeneous estimate we need that
14200 < (p— B)(1 — 20) + o,
and so with (6.2)
p>14+200+p—p)=14+20(0+2—-0)+2080p,11 =14+45+25,41

These derivations are useful if we change (6.2) toe.g. f=p+0—1",
where 2 < r” < 7’ to extend the global estimates from uniform Lo-
estimates in time to uniform L,-estimates.

the following conditions hold:

[a ]p < "+2n(f;1)6 — (206 with < replaced by = in case of homogeneous estimates

[b ] 1446+ 256,11 < p, left out in case of homogeneous estimates
c|r+p5—-0>p
[c]24+8—-0=p(ie. (6.2))

[d]QR2+5-p)(s+e) <7,
that is with [¢']:

d](2—-p)(s+e+s<1ifF=0

11



Notice that [a] coincides with (5.3), and that with § =60+ p—2 < p—1 will also
recover (5.5) 1 [b].

We will first show that for each p, 1 < p < p*, we can find p’ = p'(p,n) > p+1
such that for e = 0 (or, with an obvious extension of the argument below, small)
the right hand side of [a] is at least as large as the left hand side of [b], where
(n—1)§ <1:

To this end, notice that § = p4+60—2 < p—1, and hence the remark after Lemma
5.1 shows that for 1 < p < p = nti;% we find that p’ = p + 1 will do for all
n > 3.

Next assume that 6,; > d,-41, p > 2. Then we require

46 426,418 < %;1)5
0

where we have chosen p’ such that the right hand side equals p.

n=3 and [ = B = 3 gives
40 +2<2+4+4)

and (6.4) is proved for n=3.
n=4 and g = 1:

1
45—|—§§1+35

and so (6.4) holds (for § < 1).

n=5. This time take 3 < 8 < 2:Then (6.4) holds for ¢ <
case n=4.

Thus (6.4) is verified for n = 3,4 and 5. It remains to consider the
case n > 6, when p < 2: but then

1
4 n—1

2+2(n—-1)9

46 <
n—2

implies that (n —3)d < 1, and so all § with (n — 1)d < 1 is allowed.
This completes the verification of (6.4) for n > 3.

Thus: For 1 < p < p* and n > 3 we can find p' = p'(p,n) > p+1
such that the right hand side of [a] is at least as large as the left hand
side of [b] (with € small).

To verify [d] for 5 > 0 (i.e p > 2) we notice that as § < 1 and s < 1,
and v = 1 in this case, by which [d] follows for the above choice of p'.
If p < 2 we have to verify [d’], which translates in (3 — p)s < 1 for
e small. Invoking the lover bound [b] and use that s = 1(n + 1) we

get the condition
(1-25)d(n+1)<1

12



The maxnnum of the left hand side is taken at 0 = ;, which is larger

than — for n > 5. For n < 5, the left hand side is at most "+1 < 3.

For n > 5 and (n — 1)§ < 1 we get the upper bound —Z 3§(Z+B =

”2_3” +i’ < 1 of the left hand side. In conclusion: The conditions

[a] through [d’] can be satisfied for 1 < p < p* for suitably chosen
p=ppn)>p+l

Also notice that if 3 > 1 we may replace 3 — 1 of the factors |lu|l.) by the
corresponding L. ([; L;) for any 7 such that Hy N L,41 C Ly.

If T is a compact subinterval of R, formally [c¢’] can be relaxed. If we want esti-
mates for p close to p*, however, we not only have to take (n —1)d close to 1 and
e close to 0, but we will be forced by [a] (most easily seen before simplification)
to have essentially [c¢’] satisfied. The restrictions in case p close to p* will thus be
the same as in the uniform case, i.e under assumption [¢’].

7 Lipschitz estimates of u — f(u)

We keep the notation of the preceding section. Let
(p—1)- =min(p —1,1) and (p — 2); = max(p — 2,0)
With wy, = w(up, v) and w = w(u, v) we have by
(f (un) = f(on) = (f () = f(v))) = (f'(wn) = f'(w)) (w—v) + f'(wn) (up —va— (u—))

where

| (wn)] < Clun|*~" + \Uh\pfl)
[/ (wn) = f'(w)] < Cllup = ul®"D= + o = o] D) (Ju] + [un| + [o] + [oa]) P2+
(7.1)
Let 5 = 0s — 0 +¢ ¢ > 0 and max(s',0s) > o > 0. With v, § = % as in the

previous section, write

L T e (I T M I
and correspondingly for v, — v. We then get
|21 f (un) = f(on) = (f(w) = f(v))]

< O(R 7 (Jun = ul + [on = 0)*(fun =l + [on = 0] (u] + [un] + |oa] + [0)) @2+ |u = o]
+ C(Jun] + [on])" 7 A" (un — w) = (vi — )
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Straightforward use of Holder’s and Sobolev’s inequalities give, with C and C([),
where C(I) < C(1+ |I|)(%*%’)(p*ﬁ) may depend on I,

1f () = F )1 Bo(0s—otery < CUlullg ) lullegry + 015 ) = ol

< O Nullary Nl + 1ol o) e = ollaw o
(7.2)

provided, as in Section 6, conditions [a] through [d] there hold with , and in
addition (as before with v = ¢ for p < 2, and equal to 1 otherwise)

[e ] 0s—o0+e<~v(p—1)_, and so, with [c¢],

[ ]o>s—(p—1)+¢if =0

The homogeneous estimates (replacing B and A by B and A, respectively) also
holds, now with equality in [a], and disregarding [b]. By section 7, conditions [a]
through [d’] hold under our assumptions for ¢ > 0 small enough.

Hence for 5 = 0 (7.2) holds if also [e], [e] are satisfied for sufficiently small € > 0.
We first consider the case o0 = 0: If B > 0 we need t verify [e], i.e. s —1+¢€ <0,
which holds for € > 0 sufficiently small.

Thus for n =3,4 and 5 and for 2 < p < 1+ % = p* we have that

A(I) > u — f(u) € By(0s + ¢€,I) is Lipschitz continuous for suitable choice of
p=r(pn) zp+l

This is also the case for p < 2if 0 > s — (p—1): Using [b] and that s = $(n+1)4,
we have to verify $(n + 1)d < 46, with strict inequality for ¢ > 0. Hence the
Lipschitz continuity also holds for n = 6 for € > 0 small enough, and for n =17
if € = 0. In addition, if we only want Lipschitz continuity for p close to p*, then
the upper limit for the dimension becomes 8, also for small e (cf.[11]).

On f(z): The slightly complex form of (7.1) makes it possible to extend the
estimates on the NLWE to more general non-linearities f satisfying condition
(A) in [11]. This is useful if we want uniform bounds (in time) in e.g Proposition
8.1, as this seems to require different behaviour at 0 and 400 of f(z) (cf. [18],
and [11]).

8 Space-time integral estimates (STI) of solu-
tions of the subcritical NLWE

Proposition 8.1. Let n > 3, let (v',s',p) be a Strichartz triple, and let I a
bounded interval in R, . Assume that u is a solution of NLWE with finite energy
data (i.e in X.) and let ug be the corresponding solution of the wave equation
with the same initial data as u.

14



i) [Ginibre and Velo [18], Proposition 4.1 (1)]: Let 1+ 25 < p < p*. Then
we A(l) and
[ull ry < CULL Nluoll ey, llull 2c) (8.1)

where C(-,+,-) is of at most polynomial growth in each of the variables.
ii) Let L <p<p*andp >p+1. Thenu € A(I) and
[ullacy < CUIL uolleqry, ellecry) (8.2)

where C(-,-.-) as above is of at most polynomial growth in each of the vari-
ables.

iii) Let 1< p < p*. Thenu € A(I) and (8.1) holds with E(I)-norms replaced by
e(I)-norms.

ProoF: We first prove

(ii)* Let 1 < p < p*. Then there is a p'(p,n) > p+1 such that for any Strichartz
tripple (17, s, p'(p,n), (6.3) holds, u € A(I) and (8.2) holds.

We begin by proving (ii) —
s' >0, e >0 as in Lemma 5.1. Then by (3.6), Proposition 4.3, the remark after
that proposition, and Lemma 5.1, with our choice of p’:

lull pore < Nwoll goree + ClLf W)l Bve < lluoll e + Cllulellull 5

which for ' = 0 have a right hand side that (by definition of X, and (4.7)) belongs
to L for p+1 < p/ < p* + 1. Since u belongs to LI°°(L)), u also belongs to
Li%°(Bs,). After a finite number of steps we then reach s’ + € =1—3(n+1)d, =
fgﬂ). This extends to all p’ > p + 1 with ndy + 8" = nd,p1 + s, =1+ % by
4.2).

Let p < p < p*. Choose p' = p'(p,n) so that (5.2) holds with 6 =7 = ¢ = 0.
By (i) then u € Lff,’c(B;}l ), which implies that u € L9°(Ly), where p > p/(p,n).
As u € Lingiy(Lpy1) interpolation (convexity) gives that u € L,/(L;,), and hence
u € A(l), with p’ = p/'(p,n) > p+ 1 also for p < p < p*. The above choice of p/
is the same as that in the verification of (6.3). This completes the proof of (ii)*.
We now invoke (6.3), the comments on that inequality, and Proposition 4.2 to
prove the first part of (ii): Let (1, s’,p’) be a Strichartz triple, let p’ > p + 1 be
determined as in (ii)*, and let B(I) = L,(I : B), A(I) = L./(I : B5). Then

lwllacy < lluollacy + 1 f (@)l 3y
< uollacy + ||UHA(I)HUH5
< luollacry + C(1], l|uollecry, [wllecr))

15



which proves (ii). In the proof of (iii) we only have to consider 1 < p < 1+ 2.
Let (as in (ii)*) p’ = p + 1. Then as above

lull 4y < Nlwoll sy + L (@)l 3oy
< luollagry + el 2
< lwoll ¢y + CULL [uollecry, l[ullecr)

With (3.6) this completes the proof of (iii). O

Remark If we let p’ = p* + 1, then X, may be replaced by H21 X Ls in the above
argument.

Remark Even if the norms of ug and u are uniformly bounded , as they are in
case of F(I)-norms, the dependence on [ is in view of (4.4) is unavoidable with
the present method of proof.

The estimate of the norm of u in £ follows from the energy inequality.

9 Lipschitz etimates of &

Let u, v be solutions of the NLWE and wug, vy the corresponding solutions with
the same finite energy data (in X.) as u, v. Let eg denote the energy norm of
the data, i.e the norm in X,. Then, by the energy inequality, and (4.8), uy and
u are bounded by in e(I) = Loo(I; H N L1 X Ly) C E(I) = Loo(I; Hy x Ly) by
€0, I CccC R+.

We let (1, ¢',p") be a Strichartz triple and 0 < o < §(1 — §’) as in (7.2), where
then o > 0 is a possible (and for n < 8 necessary) choice for 1 < p < p* and
n > 6.

Fix I cC Ry. Let I C I. By Proposition 4.3 and the Lipschitz estimate (7.2)
for f(u), using Proposition 8.1, we then get

I /IEl(' =) (f () = f(r))drlae oy < T(DlJw = vl a0y (9:1)

lu = vllae-oiny < lluo = vollag—oin) + TP llu = vlla-ory - (9:2)
J(|I]) = [1]°C(eo, I),

for € = ¢(p,n) > 0 small enough, and thus for [I| > 0 small enough, depending
only on the energy ey (and on the constants €, I),

lu = vlla-oin) < 2l[uo — vollae—oin) » 1] < €(eo).

Let us make a small diversion in order to prove

16



Proposition 9.1 (Uniqueness of finite energy solutions of NLWE). Let u be a
finite energy solution with finite enerqy data (i.e. in X.). Then u is uniquely
determined by the initial data.

PRrOOF: Since the solution operator of the wave equation is Lipschitz continuous
as amap from E to A (which follows from the linearity and the Strichartz estimate
(Proposition 4.1, if v and v have the same initial data then so has uy and vy, and
uw—v =0in A(I). Hence u = v a.e. on R, x R™. By the continuity of u, v in E,
u(t) = v(t) a.e on R™ for ¢t € I, and so are equal in E and X, in a neighbourhood
of 0. The translation invariance of the NLWE completes the proof. 0

Let us now go back to the Lipschitz estimates:
For t5 > 0 we have

u(t-+to) —v(t+to) = uO(t+to)—vo(t+to)+/0 " Bu(tto—7)(f(u(r)— F(o(r)))dr

where we split the integral term (for ¢y > 0) in two parts, with integration over
Iy = (0,tp) and (to, to + t), respectively.
Assume now that

|u = v agsr—o310) < C(Lo, €0)|luo — Vol a¢s—o:10) (9.3)

Then (9.1) implies that for I = (0,tg + t) with ¢ < e(eq)

1
||U - ,UHA(s’fo';I) < (0(107 60) + 1)”“0 - ’UO”A(S/*O';I) + 5““ - UHA(S/*U;I\I())
+ ([l = vllaw-oi0)
1
< [luo = volla(s'—or) + 5”” — vllags—esry + C Lo, €0)|uo — voll A -o:10)

By induction then (starting with t; = €(eg)) for each bounded interval I C I
there is a continuous function C'(I,ep) such that

lu—vlla—o;r) < C(L €0)lluo — voll a(s—os1) (9.4)
Thus by (4.11) and (7.2) ( and Proposition 8.1) for any interval I C I, using that
by linearity ug — vg is solution of the wave equation,
|u — U||Loo(1,f121) < Juo — Uo||E(I) + C(eo, f)||u - U||A(s',1)
< C'(eo, 1) [uo — volleqry (9.5)
since o = 0 is allowed in (7.2) for n < 7 (and for n = 8 if p < p* is sufficintly close
to p*) by the analysis following that equation, and p’ > p + 1. This completes

that proof of the Lipschitz continuity of & as a map from eq to E(I), I CC Ry.
If we may choose 0 =1 —nd,41 = n(d,41 — 0p41) in (9.4), it will follow that
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Proposition 9.2. Let 3 < n < 8. Then & is Lipschitz continuous on X, for
t >0, and p < p* sufficiently close to p*.

PrOOF: We first have to verify that o < #s. With s = $(n+1)d, 0 =2+ 5 —p,
chosing 8 = 2 + p* we get after dividing out the common factor p* — p the

condition 5 1 )
n p—
— < - 1)o 9.6
> Tip =2ty (56)
For p = p* and (n — 1)§ = 1, we get strict inequality in (9.6), since
—2)2 1
(n—2) _nt

2n n—1

for3<n<6

Ifn>6, p* <2, and so
n-2 1 (p* ) < 1( +1)0(2 ) >6 (9.7)
71 pp p 2n p), n .

holds for p < p* sufficiently close to p*. Thus 0 =1 —nd,y1;y < 0s,3 <n <8
and p < p* sufficiently close to p*. We have

[ = vllery < lluo — voller) + |l /IE(t = 7)(f(u(7)) = f(o(7))dr|er)
and so by Corollary 4.1, with 0 =1 —nd,; < 0s,

[ = wllery < o = volleqry + CUNS (w) = F(0) 50501y
By our assumption (9.4) holds. Thus

|u —vllery < lluo — vollery + Cllu — vl —o,1)
< luo = vollery + Clluo — vol| acs—o,1) (9.8)

We now by obtain (again using that by linearity ug — vp is solution of the wave
equation, and the invariance of the A-norm of these under powers of (—A)):

[uo — volla(s'—o;1) < [0 — vollary < C(I)[uo — volle(r

and so by (9.8)
[ = vllery < (], e0(u), eo(v))][uo = voller) (9.9)

where eg(u), eg(v) denotes the (non-linear) energy of the initial data of w, and
v, respectively. As the solution operator of the wave equation is (by linearity)
Lipschitz continuous on X, on bounded intervals I in R, this completes the
proof of the Lipschitz continuity in X, on bounded subintervals of R for p < p*
close to p*. O

In the next section we will determine a lower bound for p for which &; is Lipschitz
continuous on X, by establishing a variation of the Lipschitz estimates in Section
7.
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10 On the Lipschitz continuity of £ and uniform
continuity in time.

As in the previous sections, let u, v be solutions of the NLWE and wug, vg the
corresponding solutions with the same finite energy data (in X.) as u, v. Let us
begin with the following result.

Proposition 10.1. Let 3 < n < 8, and let I CC R,. Assume that 1 + ﬁ =
P < p < p* forn <7, with a lower bound 1 + % <p forn=_8. Then

1F () = F @) 5050 1en) < CU w0)lu = vl a0 (10.1)

holds for 0 =1 —nd,11 = n(0p 41 — dps1) with (1,8, p") a Strichartz triple with
1= w and p' > p+ 1. Here

T

—B-1 —B-1
C(|1],u,0) < Clullfed ™ lullz + ol lollz) (10.2)

where C' is independent of I, u, and v.

ProOF: We let § = [B(p,n) be a linear function of p for n < 6, and piecewise
linear for n > 6, with 1 < p — 3 < 2, so that

r—(p—p0)=60,0<0<1. (10.3)

If 5 =0 (i.e p < 2, which in view of [b”] below means n > 6), we let ' = 7'(p, n)
be piecewise constant, and for 5 > 0 we assume that " = r(p,n) is linear in p.
As in the proof of (6.3) and (7.2) we get the following conditions under which
(10.1) holds (with € = 0), keeping the definitions of v and (p — 1)_:

[@” In+2>p(n—2)+2—71"(n—1)0 = p(n —2),ie p*>p

b” Jp>1+2r"6 =1+ -4 + 286,14

[ ] =(p—5) =0

[e” J(r' = (p=PB))s <o +7(p—1)-

[ Jo < (' = (p—B))s(< 5)

where the condition p’ > p + 1 implies that

2 2
Ere = =7 Opt1 < 0pri1 <1 10.4
S G S o Dg O e S0 sl (104)
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and where 0 =1 —nd,;1 (¢ = 0 was handled in the preceding section).

By [b"] we have p > 1+ —%, which means that p > 2 for n < 6, and by [a"] ,
that p < 2 for n > 6. Further v(p — 1)_ equals 1 for n < 6 and for n > 6 equals
Sp—1)=(1—=s)(p—1). Since s <1 <o+ 1 forn <6, [e”] holds , and will
be disregarded for these dimensions.

Also notice that s = 3(n+ 1), = 2L In addition

n—2p°—p
2 1+p

o=1-=n0,41 =n(6pt1 — 0py1) =

The equations [¢”] and [f”] become after some simplification and reshuffling the
following form, which will be useful in the analysis of [¢”] (for n > 6) and [f”]:

n+1 n+11
<o+ _1F+p—1,[e”]n26 (10.5)
n+1 n+11
> - =, [ 10.6
o+ (p— B [f] (106)
n—2p°—p
o=
2 1+p

The first inequality is already verified for v’ = 2 and o = 0 for the range p.(n) <
p<p*(n),wherep*:1+ﬁfor3§n§7andp*=1+%forn:8. If the
inequality holds for some 7’ > 2, it evidently also holds for " = 2.

The equation [f”] may also be written

n—2p°—p , n+11
<(r'—(p— — 10.7
U R (10.7)
In order to simplify some computations, note that
—2p" — py 1
ey (10.8)

2 14+p, n+l

and that the right hand side of (10.7) is an increasing function of 7' (and the left
hand side independent of 7).

n > 6:
Here 8 = 0, and »’ is assumed piecewise constant: In particular the derivative of

(10.6) becomes
n n+11

— — 10.
(1—|—p)2+n—1r’ (109)
If n = 6, then ' = 2(= p*), and by (10.7)
-2 1 11
n <ot (10.10)

2 p+l - n—12
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for p > 12, For p less than this value, (10.9) is negative, and hence it is in this
case enough to compute a bound for  when p = p,. This gives

1 n+11

< (r' — p, —
n+1_(T p)n—lr’

(10.11)

which requires 1’ > 251 (which also satisfies [¢”]). This completes the case n = 6.
For n > 7 (10.9) is negative. Since o(p*) = 0, n = 7 and 8 are as in the case
o = 0 the only allowed dimensions. Equation (10.5) limits the range of p: As
mentioned above, we only have to consider 1’ = 2, i.e.

In+1
<p-1
n_1-/ 7 e
With a =0, we get n < 7 for p = p,, while n = 8 requires the lower bound
1 + o= ”22p —£ the right hand side of the inequality is decreasing as a

functlon of p (the derlvate is1— (HP)Q < 0), and so the whole range p, < p < p*
is allowed also for n = 8.

For dimensions n = 3 through 5, we only have to verify [f”] and that r'(p,n) <

P(p,n) = m = n412+}> px < p < p* (in order to fulfil the condition
p>p+1).
n=>ys:

We let r(p*) = 2, r(p*) + B(p*) = p* = 25, and B(p.) = 0, where now p, = 2.
Thus B(p) = p — ps. If we let 1/(p) + B(p) = p*, then r'(p) = p* + p. — p.
After dividing ou the common factor p* — p, [f”] becomes

n+1 1 n—2 1

n—1r(p) = 2 1+4p

which with our choice of 7/(p) holds in the range p, = 2 < p < p*. This proves
[f7] for n=>5.

Now '(p) < '(ps) = 25 < 7#(p*) = 25 < 7(p), p < p*. This completes the case
n =>o.

n=4:
Here p* = 3 and p, = 25.We choose 7/(p*) = 2, r'(p*) + ﬁ(p ) = p*, and so
B(p*) = 1 and we (have to) let B(p.) = 0. Hence 8(p) = 2(p — p.). We next
choose 1'(p,) = 7(p*,4) = 5, so that p' > p+1, p < p* Wlll be satisfied. Then
r(p) =5—pand ' + 3 —p=1(p* — p). After dividing out the common factor
p*—pin [f’] (ie. (10.7)) we get

In+1 1 S 2 1

2n—17(p) = 2 1+p’
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which requires r'(p) < 2 = 27 which is the case since by our choice 7/(p) <

r'(ps) = 22 = 23. This completes the case n = 4.

n=3:

Here p* = 5 and p. = 3. We let r'(p*) = 2 and choose 5(p*) = 3 and B(p.) = 0.
If we then take 7/(p.) = #(p.) = 4, we get r + 8 — p = 3(p* — p). Hence [f”]
becomes (again dividing out the common factor) by (10.7)

1n—|—11>n—2 1
2n—1r = 2 1+p’

which amounts to " < 8 which clearly is the case for p, = 3 < p < p*. Will
r'(p) < 7(p) in this range? The tangent of the concave curve described by 7(p) =
2% =2+ ﬁ has the same direction —1 at p = p, as 7'(p) = 4 + p. — p; as
r’ and 7 have the same value at p = p,, 1’(p) is the tangent at this point, and so
is smaller than 7(p) for p > p,. This completes the proof for n=3.

The above give together a proof of Proposition 10.1. OJ

Proof of Theorem 1.1:

In the proof in Section 9 replacing (7.2) by (10.1),(10.2) we obtain (9.4) for
o=1-=n0p41, p« < p < p*. We then complete the proof as in the last part of
the proof of Proposition 9.2.

We may now as a final result extend Corollary 4.2 to solutions of the NLWE.

Corollary 10.1. Let I CC Ry, an u a finite energy solution of the NLWE with
finite energy data. Assume that p, < p < p*. Then u(t) is uniformly continuous
on X, and on E in the time variable t fort € I.

PROOF: An immediate consequence of the Lipschitz continuity and the Lipschitz
estimate for n < 7.

For higher dimensions we prove that (using Corollary 4.1) [|Al| g(ste—o, 1) * 12l B(51e.1)
with A = f(u), is bounded for € > 0 small enough and o = 1 — nd,;. We then
follow the argument in Corollary 4.2.

In view of conditions [a] through [e] ( or for n > 6, [¢’]) we then only additionally
have to prove that for n > 8,

n—+1
2

c<(2—p)s<l—s+o, s= J

which certainly holds for p > p, =1 + ﬁ , 0 = ﬁ and n > 8 (use that (10.9)
is negative for n > 7, and apply (10.8)). O
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