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Global well-posedness for two
dimensional semilinear wave equations
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ABSTRACT. We consider the initial value problem (IVP) for certain semilinear
wave equations in two dimensions. It is shown that global well-posedness holds
in spaces of lower regularity than that suggested by the energy space H! x L2.
The technique to be used is adapted from a general scheme originally intro-
duced by J. Bourgain to establish global well posedness of the cubic nonlinear
Schrédinger equation.
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1. Introduction

We consider the initial value problem (IVP) for the semilinear wave equation

Gfu—Azuz —Iu[k—lu, teR,z € R%,
u(0,2) = f(z), (1.1)
’ltt(O,iL') = g(z)a

where k > 3.
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Our purpose in this paper is to establish the global well-posedness of this IVP
in spaces of lower regularity than that dictated by the respective conservation
law

2
/Rz (u)?® + (Vu)? + Eed |u|**1) = constant (1.2)

and that, in addition with the existent local theory, guarantee global well-
posedness of this IVP in the energy space.

The notion of local well-posedness for IVP (1.1) in a function space X in-
cludes local existence, uniqueness, continuous dependence upon the data, and
persistence; i.e., that for uy € X, the corresponding solution describes a con-
tinuous curve in X. The global well-posedness requires, in addition, that the
notion above holds for every time interval. In this regard we have the following
local well-posedness result.

Theorem 1.1. Let s € (s(k), 1] with s(k) given by

ﬁ%}%, if 3<k<5,

s(k) = L 3 (1.3)
—_— 1 > 9.
=1 if k>5

Then IVP (1.1) is locally well-posed in H*(R?) x H*~*(R?). Furthermore, the
time T of existence of the solution depends on the size of the initial data; i.e.,

T = T([lfll fre(=2y> 119l fro-1(m2))-

The proof of this theorem is carried out in [8], where three distinguished
cases are considered: the conformal case £ = 5 and the superconformal and
subconformal cases k > 5 and k < 5, respectively. It is worth mentioning that
this result is sharp in the sense that for initial data with lower regularity than
that in (1.3), IVP (1.1) is ill posed (see [7], [8]). Notice that in the conformal
and superconformal cases, the required regularity for the initial data to obtain
local well posedness is the one suggested by the scaling argument: if u(z,t)
solves IVP (1.1) then /\k—i—lu()\z, At) also solves the equation in (1.1), and there

is invariance of the H* x H*~1 norm of the initial data exactly for s = 2—:—?—

It follows from this theorem and from the conservation law in (1.2) that IVP
(1.1) is globally well-posed in H' () LA+! x L2

Our main result can now be stated:

Theorem 1.2. Let s € (s(k), 1] with s(k) given by
s if 3<k<5,
s(k) = (1.4)
bl if k>5.
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Then, for any (uo,u;) € H*(R%)(L:*t1 x H*~'(R?) IVP (1.1) has a unique
global solution u(t). For a given time interval [0,T], u can be expressed as

u(t) = O W ()uo + W (t)uy + I(2), (1.5)

with I more regular than the initial data, more precisely, I(t) € H'(R?) and
satisfies the polynomial growth condition

sup [I(t)]l < ¢ TOD=-0=m+, (1.6)

)

and W (t) is defined below.

We restrict our attention to two dimensions, but the same problem can be
studied in other dimensions as well. In fact, Kenig, Ponce and Vega [5] obtain
similar results for the three dimensional case, but a much more restrictive range
for the nonlinearity has to be imposed, namely, 2 < k < 5. This is a required
condition in the local theory for such IVP’s in three dimensions.

Our proof follows ideas recently introduced by Bourgain [1], where he ob-
tained that the IVP associated with the two dimensional cubic Schrédinger is
globally well-posed in Sobolev spaces of indexes in between those where the
conservation laws hold. He also applied it for the PBVP for the Klein-Gordon
equation (see [2]). This method has been extensively applied to many other
equations as well( see 3], [4], [5]).

The sketch of the proof is the following: we split the initial data following
the ideas in [1], that is, uo(z) = uo,1 + uo,2 and uy(z) = w11 + u1 2, where
(uo1,u1,1) € H' (LAY x L2 and (uo2,u1,2) € H* (L' x H*~!. Then we
consider IVP (1.1) with data (uo,1,u1,1), for which the global theory allows to
obtain a solution, v(t), defined in an interval [0, AT] with AT an appropriate
time. Next, we consider an IVP with variable coefficients for z(t) = u(t) — v(t)
whose solution, z(t), is also defined in [0, AT] and can additionally be expressed,
via Duhamel’s principle, as z(t) = y(¢t) + I(t), with I(t) more regular than
the initial data, more precisely, (VI,8,I,I) € L2 x L2 x Lk*!. Then the
argument is re-applied in the interval [AT, 2AT] having initial data (v(AT) +
I(AT),8;v(AT) + 8;v(AT)) and (y(AT),d:y(AT)) for their respective IVP’s.
The process is continued until reaching any given time T' > 1. Since at each
step the Sobolev norms involved grow, we have to obtain some estimates to
keep the process uniform.

Notations.
e D denotes the homogeneous derivative /=A,.

e W(t) denotes the operator W(t)g = mDD—Qg, which solves the linear
wave equation with initial data (0, g).

e || -|| denotes the L2 norm.
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e The mixed space-time norm is denoted by

1 llzs 2z = ( /0 g ( / : \F (@, )P d:c) i dt)l/q.

In case that T = oo, we will use ||.||pszz-
e The letter ¢ denotes a constant that may change from line to line.

2. Proof of Theorem 1.2

Before we proceed with the proof of our main result, we state some Strichartz
estimates for solutions of the linear wave IVP in two dimensions given by

{afu—A,u=0, teR,z € R?, 1)

u(0,7) = uo(z), u(0,2z) = us(z).

Theorem 2.1. Let 6 € [0,3/4),7 € R. Then, for any pair of functions (f,g) €
H(R?) x H~1(R?), the solution of IVP (2.1) satisfies

|D7=° ull 3, 55 < co(||D7uol| + 1D ua ). (22)
The proof of this estimate and of its versions in higher dimensions can be found
in [9].

Let us start with the proof of our Theorem 1.2. We split the initial data
(wo,u1) € H* N LE+! x H*~! following the scheme in [1], that is,

UQ(III) - (X(lEI(N) f)V(x) + (X(|£|2N) ﬁo)v(z) = Uo,1 (.’l)) + U'O,?(x) (23)
and
u1(2) = (Xger<m) HY(@) + (Xgersny B0) Y (2) = u1,1(z) + u1,2(2), (2.4)

where N is a large number to be chosen later.
From this splitting it follows that

|DPuo ||, |ID? tur ]l < eNP™2 for p>s, (2.5)

and
|| DPug 2|, ||ID?~tuy o|| < cNP~* for 0<p<s. (2.6)
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As we already pointed out, for initial data ug,1,u1,1, IVP (1.1) has a unique

global solution in H'(L5+! x L2. Moreover, this solution is expressed via
Duhamel’s principle in the integral form

v(t) = W (t)uo,1 + W(t)u1,1 — /Ot Wt —t")(Jv|*" o) (') dt’, (2.7)

and it satisfies the conservation law (1.2), which in terms of the size of the
initial data yields the estimate

e (@)l + Vo)l + ()l F ~ N1, (2.8)
Next, we consider the IVP with variable coefficients given by
Rz — Dz =—|z+v* (2 +v) + v o, teR,z e R?,
2(0,z) = uo 2(x) € H?, (2.9)

2(0,z) = u12(z) € H* 7,
with the initial data satisfying

1D?uo,all, ID? uroll < eNP7* - for 0<p<s,

and its integral version
t

2(6) = AW (o + W(thaa = [ W= )F@)de, (210
0

where
F=—|z+v/* Yz +v) + [v]f v (2.11)

We will obtain the following estimates for the size of the solution of IVP (2.9)
in terms of the size of the initial data. The local well posedness of IVP (2.9)
easily follows from these estimates and the contraction principle applied to the
integral equation (2.10). For the sake of simplicity, the details are omitted.

First, we consider the conformal and subconformal cases 3 < k < 5. Let us
define

Bzl = ID"zllLg,z2 + l12ll sz pors-am. (2.12)

with ‘Z%:—g <y<s.

From Strichartz estimate (2.2) and (2.5) we obtain

AT
l2ll ga/ poso-am < e(ID w02l + 1D us o)) +C/0 DY FE))I dt’

t
<cN"™* + c/ [|IDYE(E)) dt’ (2.13)
0

-8
ScNIT' + C”F”L},TLZ/("ﬂ.
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In order to estimate the last term in (2.13), we observe that from (2.11) it is
enough to estimate the terms Fy = |z|* and Fy = |z||v|*~1.

For F} we have

k
Bl p2re-m < “z“LZTLi"m_’)

6—3k—~(3—4k) 3k—6+(3—3k)
< c||D7z B/ z e
<elDelly i Nellyy diomsn m
3kt (k—1) . s—ak-—z(s—ue) 3k—6+:(3—3k)
< cAT “D ZIILZ"TLZ ”Z”LaA/;’Li/(s“")
< AT DR,
and similarly for Fy,
||Fk||L1ATL3/(2—v> < szk_llleTLz/(z_.,)
k—
< eATllzll g prra-nllolly ae-s
k41 (2.15)
2

k=3
< CAT”sz“L?;TL% ”DU”LZAOTLZ ”U“LZ’TL(zHl)

< CATN S NIs ], < ATN 2 g,

We remark that in order to incorporate the appropriate time space in (2.14),
the above given restriction on k is needed.

The estimate for ||D7z||p%, 12 is exactly the same as in (2.13). Hence, it
follows from (2.13), (2.14) and (2.15) and from the choice of AT that for any

v € (3=%,9),
lzlly < N2 (2.16)

It is also important to estimate the L2 norm of the solution of IVP (2.9). Thus,
from (2.6) and Sovolev’s inequality,

lzllze, L2 < lluoall + llurell + ID7 Fllpy 12 < eN™° +c||Fllpy 11 (2.17)
AT AT

To estimate F; we apply (2.16) and a Gagliardo-Nirenberg type inequality, to
obtain that

IFillzy, 21 < AT2Hlpg, 11 < AT |2l 10
1 k—2 k-1
% = TR k
< eAT(||2llLe, L2 IIDFT 2l 5 12)
k—1
< CAT”z”L"A"TLZ||D72”L°A°TL3
< ATzl g,z 215!
CN_nggzN(k—l)(v—s’)”Z”LZ(,TLZ

(2.18)

IA

(k=3) _ (k—1)
cN 2 T °||zll e, L2,

IA
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where v = :%f Since N is large and the exponent is negative, this part can
be absorbed into the left hand side of (2.17).
In a similar manner, we have for Fj,

k-1

k—1
VPilzg gy < 10 oy oz < AT lallugaalolE auns

k-3 k
< AT ||zl 2 1Doll K, palloll, 5 uen

(2.19)
!k—32!1—.'[

<cAT N N'°|lz|l g, 12

_ (k=1)(1—s)
ScATN™ 2 |lzllog, L2,

and therefore, from the choice of AT, this term can also be absorbed into the
left hand side of (2.17). Summing up, we have the estimate
lzllLg, L2 < eN7°. (2.20)

Now it comes the nontrivial part of showing that the integral part I(t) =
fot W(t - t')F(t')dt' in (2.10) is more regular than the initial data. More
precisely, 8,1(t) and VI(t) live in L2, whereas the initial data are merely in
H*® x H*~! with s < 1. Furthermore, the estimates in (2.16) and (2.20) will
allow to measure the size of this piece of the solution of the IVP (2.9). In fact,

Minkowski’s inequality yields
(@I, VI)(#)llLz < NI1Fllzy, L2 (2.21)

For F; we have

k k Seh k
IFilley er < Netlley,ce < ellhy oo < AT el wyan

(2.22)
5—k 5-3k
< AT ||Z”’£3/7L6/(a—4~,) < AT |l|2"|’§:
AT H=
where we have chosen v = 3';—;;3.
Then, the choice of AT and (2.16) give
IFilly, 1z < N~ ST VRO ) (2.23)

k—1)(k+1)  s/12.2, o1 k=1 _ (k+1)
< CNL_ZQL——_E(’C +2k+5) < BN T =58

The last inequality holds since s > £=3.

For Fj we use the Sobolev and a Gagliardo-Nirenberg type inequalities, and
the estimates in (2.8), (2.16) and (2.20).

= k—1
IFlloy, L2 < 120" Mgy, 22 < AT”z“LgTLZ’“‘“’”””LZoTLgk—ws
2 k—1—(k+1)e (k+1)e
< eATUD g lDol MW B
CN~iﬂg‘;'lst—sN(k—l-(kH)e)(l-s)N2(1—s)s

CNS%-‘J—i’;LZs+s(2—(k-1)(1—s))’

IA

IA
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where ¢ is a small positive number to be chosen.

In order to apply the scheme roughly described in the introduction, we shall
also need an estimate on the growth of the L¥+! norm of the integral part I(t)
at time AT. We apply Sovolev’s inequality to obtain

AT . o
IH(AT)][ ks < / lla—nf(ﬁ%ﬂpnxﬂ dt'
0

AT e et/
g / |DE SILD-(%T—”FNLE dt' (2.25)
0

IN

IA

AT
c [ 1D Fllgzdt < el D7F Fllyy, s,
0

and for Fj, Sovolev’s inequality and the estimates in (2.16) with v = g{%
yield

— -2
ID=% Rl 12 < ID7% lzlkllLlATLg < AT”2||k°A°TL3k(~+n/(~+8)

< CAT”DAYZ”’[c,fTLg < cAT|z|I}
< N~ (-9 N(r-ok (2.26)

Nt -0 N (EaFh -9k

IA

k2-5 k41 k=1 _ (k41
cNTEFT s < N i

IN

The estimates in (2.8) and (2.16) yield for Fy that

. L =y
ID7 Fillgy, zz < ID7HT (2ol )y, 02

= C”z”k_l”LzTL:(Hn/(Ha)

< cAT|zllog L2l |l g gre

< eATlllogrzliolly -, (2.27)
£ CAT”ZHL:TLzllellﬁgoiLgllvllLerTLgH

< N~ 55 01-9) s Ny (1-0)(k=2) preFr(1-9)

< NI - A < N -G

Estimates (2.21)-(2.27) certainly prove our claim that the integral part in (2.10)
is more regular than the initial data, and furthermore, that in the interval
[0, AT] it grows like

k+1

1@, VIYAD)I| + ATl F, < oN 452 st (-00-9)  (38)
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For higher powers of k we slightly modify the || - || norm in (2.12) and consider
bl = ID"2llagg, 22 + D™zl 30 00, (2.29)

where > and 0=3-3y+ —'—’_—6

Once again, Strichartz’s estimate yields

AT
1072l -0 < eliD woall + D" wsal) 4 [ D (@) a
0

< cNY™* + c”F”LlATLi’("“”.

(2.30)
We proceed as in (2.13)-(2.15) to obtain that
WPl pare-n S N2Mlp0 p2e-m < Iz
Lyl = LarLa" 777 = WolLe  p34/G-7
s C||D7_02”,ZZTL3/(3—49) (2.31)
k8 y—0_ 1k k8, wk
< cAT ”D Z”Lz/;Lg/(a-—W) S cAT 3 |ﬂz|ﬂ7
and .
WFkllps parce-n < 20570 [areem
AT = AT™=
< CAT”Z”LZ‘,TL:/(l-q)H’U”LZC,TL-::@_U
k=3 k41 (2.32)
< CAT”D‘YZHLZ"TLZ“DU”L%TL';‘”U”L%TLSHU
< cATN™ P Iz -
From (2.30)-(2.32), we get
”D‘Y—oz“Li/;Lg/(a—ﬁ) S
cNY=% + cAT*S™ th + cATN~ == ~lzly, (2.33)
and therefore, from the choice of AT it follows that
Izlly < eN7—2, (2.34)

for v € (%_—f, s).
The estimates for the L%-L2 norms found in (2.17)-(2.20) for the subcon-
formal and conformal cases are the same for the superconformal case, and

therefore
lzllLse, 22 < e N7°. (2.35)
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The same also holds in the analysis of the smoothing property of the integral
part I(t) of the solution of the IVP (2.9), for all the estimates except those in
(2.22) and (2.23), that require low values of k. For values of k > 5, we can give
the following estimate, that demands additional regularity of the initial data
in the statement of Theorem 1.2 in the superconformal case:

lFilly o2 < 12*M Ly, 2 < AT”Z”’ZZOTLgk

Jo—
< eAT|IDF zllfg, 1z < cATI:I (2.36)
< N~ - NCF -k < oNEF S
where s > v = ’“—;—1
With these estimates at hand, we obtain the same growth condition as in
(2.28):

k -1
@I, VIYAT) || + [I(AT)|| E,, < eN 7= S5 ste(=(-11-0) (2 37)

The closing argument that allows to yield the solution in the interval [0, T'] for
any T > 1, is based in an iterative process along with the growth condition
(2.37).

In the interval [0, AT], we have that the solution of IVP (1.1) is given by

u(t) = v(t) + z(t) (2.38)
=o(t) + I(t) + atW(t)u(),z + W (t)uy,2, '
where I(t) = — [, W(t —t')(F)(')dt', with F as in (2.11).

Next, we solve the IVP (1.1) in the interval [AT, 2AT] with initial data
(v(AT) + I(AT), dw(AT) + & I(AT)) € H' N L¥*! x L2, which makes sense
because the smoothing effect that takes place in the integral part I(¢). With
this solution at hand, we consider IVP (2.9) with initial data

(6tW(AT)uO72 + W(AT)’U,I’Q, —AW(AT)UOJ + 6tW(AT)'U,1‘2). (239)

This iterative procedure is continued until any given time T' > 1 is reached.
In order to accomplish this goal we have to be sure that the process can be
carried out uniformly, that is , that the growth condition in (2.8) should hold
at all the steps up to reaching time T'. It is here where estimate (2.37) turns
out to be essential.

To reach time 7', the number of iterations is

T

< (2.40)
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For the problem with initial data in the energy space there is some growth of
the initial data in the ||(8;-, V-)|| + || - || b41-n0rm during each iteration, coming

from the integral part I(t) and measured in (2.28). Since we want to keep (2.9)
uniform, the following estimate should hold:
T 2 NEFR-E e 2-(k-1)(1
AT
and plugging into (2.39) the size of AT, we have to check that

—8) < eN's, (2.41)

TN k=1 S)Nu Skis_}.g(‘) (k=1)(1-s)) < eN—s. (2'42)

Inequality (2.42) holds provided s > ’;—:f-, ¢ is sufficiently small and N = N(T)
is sufficiently large. We remark however, that (2.36) imposes an additional
restriction on s for the superconformal case, namely, s > £=1. This completes
the proof of Theorem 1.2. ™

Acknowledgments. The author has been partially supported by the DIB,
Universidad Nacional de Colombia, Bogota.

References

[1] J. BOURGAIN, Refinements of Strichartz’s inequality and applications to 2D-NLS with
critical nonlinearity, IMRN 5 (1998), 253-283.
, New global well-posedness results for the nonlinear Schrodinger equations, AMS,

. 1999.

[3] G. FonsecA, Growth of the H®-norm for the modified Korteweg-de Vries equation, Diff.
Integral Eq 13 no. 7-9 (2000), 1081-1093.

[4] G. Fonseca, F. LINARES & G. PONCE, Global well-posedness for the modified Korte-
weg-de Vries equation, Comm. PDE. 24 (1999), 683-705.

[5) M. KeeL & T. TAo, Local and Global well-posedness of wave maps on R1*! for rough
date, IMRN 21 (1998), 1117-1156.

[6] C. KENIG, G. PONCE & L. VEGA, Global well-posedness for semi-linear wave equations,
Comm. PDE 25 (2000), 1741-1752.

[7] H. LINBLAD, A sharp countererample to local ezistence of low regularity solutions to
nonlinear wave equations, Duke Math. J. 72 (1993), 503-539.

[8] H. LINBLAD & C. SOGGE, Global On eristence and scattering with minimal regularity
for semilinear wave equations, J. Funct. Anal. 130 (1995), 357-426.

[9] H. PECHER, Nonlinear small data for the wave and Klein-Gordon equations, Math Z
185 (1984), 261-270.

[10] R. S. STRICHARTZ, Restrictions of Fourier transforms to quadratic surfaces and decay
of solutions of wave equations, Duke Math. J. 44 (1977), 705-714.

(Recibido en noviembre de 2000)

DEPARTAMENTO DE MATEMATICAS
UNIVERSIDAD NACIONAL DE COLOMBIA
BocoTA, COLOMBIA

e-mail: gfonseca@matematicas.unal.edu.co



