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PROBABILISTIC WELL-POSEDNESS FOR SUPERCRITICAL
WAVE EQUATIONS WITH PERIODIC BOUNDARY
CONDITION ON DIMENSION THREE

CHENMIN SUN AND BO XIA

ABSTRACT. In this article, by following the strategies in dealing
with supercritical cubic and quintic wave equations in (J. Eur.
Math. Soc. (JEMS) 16 (2014) 1-30) and (J. Math. Pures Appl.

(9) 105 (2016) 342-366), we obtain that, the equation
(87 = A)u+[ufflu=0, 3<p<5
is almost surely global well-posed with initial data (u(0), 9;u(0)) €
S s— —3 . fe
H*(T?) x H*"'(T?) for any s € (E=3,1). The key point here is
that Z:i’ is much smaller than the critical index % — ﬁ for
3<p<h.

1. Introduction

In this article, we are going to construct solutions for the equation
{ (07 — A)u+[ufflu=0, 3<p<5,

(1.1) X
(u, Opu)|t—o = (ug,u1) € H® x H 7" =:H?,

where u is a real-valued function defined on R; x T3. Via a scaling argument,
one can see that s¢; = 3 — z% is a critical index in solving the equation (1.1).
It turns out that for s < s, the equation (1.1) is ill-posed, while for s > s,
the equation (1.1) is known to be well-posed (in the sense of Hadamard) only

for s in certain range. More precisely, we have the following theorem.

THEOREM 1.1. The Cauchy problem (1.1) is locally well-posed for data in
H? for s > s In the opposite direction, for p € [3,5), if s € (0, % — z%)’ then
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the problem (1.1) is not locally well-posed in H®. One example contradicting
the continuous dependence on the initial data is as follows: there exists a
sequence (uy,) of global smooth solutions to (1.1) with initial data (ué"),u(ln))
such that

Jim ] (g wy™) [

=0
but
lim || (un(t), dun(t)) ||LOC([07T];HS) =00, VI>0.

n— oo

The well-posedness part of Theorem 1.1 can be proved in the same way as
Lindblad-Sogge did in [13], by invoking the Strichartz estimate on compact
manifold thanks to Kapitanski [10]. For the special case p =3, (1.1) is even
globally well-posed if the regularity index s is sufficiently close to 1. One
can also refer to [19] for these results on the Euclidean space R3. For the
ill-posedness statement of Theorem 1.1, one can see Burq-Tzvetkov [6, Ap-
pendix A] for p =3 and [20] for 3 < p < 5, or see [9] for even more discussions.

Up to these counter examples, we can not solve the equation (1.1) in the
sense of Hadamard in the super-critical regime. In order to construct solutions
to these super-critical equations, probabilistic tools have been introduced. On
one hand, for some special initial data, one can use an “invariant measure
argument” to construct local or even global solutions to several equations in
super-critical regime (see [3], [2], [12], [7] for detailed discussions). On the
other hand, for general initial data, by randomizing the data via its Fourier
series, Burq-Tzvetkov [6] succeeded in constructing local solutions to (1.1) in
the super-critical regime. Shortly after this, they also proved the probabilistic
global well-posedness of the cubic wave equation on 3D torus by a conservation
law argument in [8]. Using this argument, Burq—Thomann—Tzvetkov obtained
probabilistic global existence of solution to the cubic wave equation in higher
dimensions in [5].

Recently Oh—Pocovnicu [17] proved the quintic wave equation on R3 is al-
most surely global well-posed with the initial data in the homogeneous space
H?(R3) := H*(R3) x H°~'(R?) with s > 1. The approach Oh-Pocovnicu used
is slightly different from Burq—Tzvetkov’s. Here as the spectrum of Laplacian
is continuous, we can not use the randomization procedure used by Burqg-
Tzvetkov to randomize data. Oh—Pocovnicu chose to use Wiener random-
ization! in [1], and they proved similar probabilistic estimates as in [8], [6].
Furthermore, they also proved probabilistic estimates for the time derivative
of the free evolution of the data. By using these probabilistic estimates, the
authors first establish a probabilistic a priori estimate. Then by combining

1 This randomization was first introduced by Zhang—Fang [21] for generalized incompress-
ible Navier—Stokes systems. Subsequently, such randomization appeared in [14], which is
part of thesis of both Lithrmann and Mendelson. At last, this randomization was named
as “Wiener randomization” in [1].
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this a priori estimate with the stability theory for NLW, they succeeded in
constructing a global solution to quintic wave equation in H* with s > %
Also on the Euclidean space R*, by randomizing the initial data via a
unit-scale decomposition of the frequency space, Lithrmann—Mendelson [14]
proved similar probabilistic estimates as that in [6], [8]. With these estimates

in hand, they proved that the problem (1.1) with the underground space
p®45p°—11p—3

9p2—6p—3
Notice that this regularity index only lies in the super-critical regime when
1(7T+V73) <p<5. To remedy this, they improved in [15] this result to
1>s> :ﬁ by using Oh-Pocovnicu’s ideas in [17].

One should observe that, no matter the underlying space is the torus T3
or the whole Euclidean space R?, we have almost the same probabilistic esti-
mates. So we shall expect that the best possible regularity s(p) required to
solve (1.1) should be compatible with the two endpoint cases p =3 and p =15,
in the sense that

replaced by R? is almost surely global well-posed in H* for s >

1
s(p) =p>30=25(3) and s(p) =ps 5= s(5),
where s(3) = 0 is the result by Burq-Tzvetkov [8] and 5(5) = 3 is the result by

Oh-Pocovnicu [17]. However, Lithrman-Mendelson’s result s(p) = I’j—;} fails
to behave like this. In this article, we are going to address this problem. Our
approach is as follows, which is also the approach in [17].

Fix s € (g%i’, 1). Let (up,u1) € H® be given in its Fourier series form

uj=ajo+ Z (aj,n cos(n-x) + b, sin(n - JI)), j=0,1,
nezs.
where Z3 := {(n1,n2,n3) € Z*ny > 0} \ ({(0,n2,n3) € Z3|ny < 0} U
{(0,0,m3) € Z3|n3 < 0}). Suppose (aty (@), B (@), Vi (@))jo 1imezs i a se-
ries of independent real Gaussians on (Q,.A,P) with standard distribution

NE&(0,1), or even more general that they satisfy the assumption (2.3). Then
we define the random variables uj’ as

uf = ajoo;(w) + Z (ajnBjm(w)cos(n-a) +bjnvjn(w)sin(n-x)), j=0,1.
nez}
For any integer N > 1, denote by Py the projection operator defined by
Poy (ao + Z (an cos(n - &) + by sin(n - x)))
nezZs.

=ag+ Z (an cos(n - ) + by, sin(n - z)).

n€Z3;|n|<N
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Denote also the free wave propagator by S(t¢). Then we first prove that for any
given N > 1 and T',e > 0, there exists a subset Qn 7. CQ with P(QY 1) <e,
the solution vy to the truncated equation

(8? - A)?)N + |’UN + ZN|p_1(’UN + ZN) =0, zny= S(t) (PSNUBJ7P§NU?),
(v, 0svn)|i=0 = (0,0)
can be bounded uniformly as

(12) Sup H(UN(t)78tUN(t))’|H1 Sca
te[0,7

where C depends only on T, and ||(ug,u1)||3=, and is independent of N. The
main step in the proof of this estimate is Lemma 3.3, in which we have used
an adapted cut-off argument.

With the help of (1.2), we could find another set QN’T’E, which may be dif-
ferent from Qx 7 and is also of large probability, such that for any w € Q N, T
the solution v(t) to the equation

v —Av o+ 2P o+2)=0, 2=5(t)(ug,ut),
(’U, 8tv)|t:0 = (0, 0)
can also be controlled uniformly

sup H(U(t),atv(t))H?_L1 <2C.
t€[0,T]
By a standard argument in [8], we can extend this finite time [0,7] to the
whole time line. And at last we arrive at the following theorem.

THEOREM 1.2 (Almost sure global well-posedness). Let s € (Z%“;’, 1). Given

(ug,u1) € H(T3), let (ug,uy) be the randomization as in (2.5) under the
assumption (2.3). Then the super-critical wave equation (1.1) is almost surely
globally well-posed with (u§,uy) as the initial data. More precisely, there exists
a set Q(yy,uy) C 82 of probability 1 such that, for every w € Q(yq.u,), there exists
a unique solution u (in a bounded ball around zero) to (1.1) in the class:

(S(t) (u, 1), 05 (1) (ug u2)) + C (R, HL(T?)) € C(R; 1S (T%)).

REMARK 1.3. This remark is corresponding to the title ‘well-posedness’
the uniqueness of the solution in the statement is in the sense of Remark 1.6(i)
in [17]. But the (conditional) continuous dependence on the initial data
should be explained in detail: for any given time 7" > 0, one should no-
tice that the solution v constructed in Theorem 1.2 can be written as
v(t) = un(t) + S(t)(uf,uy) — zn for any t € [0,T] for some very big but fi-
nite N; then by the deterministic theory in the energy space for the equation
(1.1), vy (t) depends continuously on (vn(0), 0wy (0)), which turns out to be
controlled by (u§,u{) thanks to the boundedness of N (at least in the sense of
probability); this continuity, together with the fact that the linear evolution
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S(t)(ug,uy) — zy depends continuously on the initial data, can give us the
conditional dependence on the initial data like that in [8]. What’s more, one
can also obtain the probabilistic growth for Sobolev norm of the solution via
a detailed analysis as Burq—Tzvetkov did in [8].

REMARK 1.4. We should notice that the lower bound Z%‘;’ is compatible
with the endpoint cases p =3 and p=>5. That is to say, when p tends to 3,
the minimal regularity required to solve the equation (1.1) becomes the one
obtained in [8] for the case p = 3; and the same for the other endpoint p =5,
see [17]. But if p=3 and s =0, we refer to [8] for the possible growth of
Sobolev norms.

REMARK 1.5. For higher dimensional case d > 4, the global infinite energy
solution to the cubic wave equation was constructed by Burgq—Thomann—
Tzvetkov [5], where the conditionally continuous dependence on the initial
data is left unknown. But Oh—Pocovnicu succeeded in proving this unique-
ness result in [16].

2. Preliminaries

2.1. Deterministic preliminaries. In this section, we recall several clas-
sical results about the linear equation

{(8t2A)uf on I x T3,

(2.1) (u, Opu) |t=t, = (uo,u1).

We say that u solves the equation (2.1) on the time interval I 3 ¢, if u satisfies
for ¢ € I the Duhamel formula

u(t):S(t—to)(uo,m)Jr/t Sm((t\/%‘/j)

where S(¢) is the free wave propagator defined by

sin(tv/—A)
S(t)(ug,ur) = cos(tvV—A)ug + ——u;.
( )( 0 1) ( ) 0 \/I 1
We now recall the following energy estimates for the solution u to the equation
(2.1).

f(t)dt,

PROPOSITION 2.1 (Energy estimates). Suppose u solves (2.1) on I =
[to =0,T]. Then for any t €[0,T] we have

It 20t Dl < €+ ) (Newws ) e+ [ 176 )

We also use frequently the following Strichartz estimate, which is very
useful in dealing with the nonlinearity in the equation (1.1). In order to state
this estimate, we first define the concept of “wave-admissibility” in 3D case.
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DEFINITION 2.2. We call a pair (¢,7) wave-admissible if 2 < ¢ < oo,
2<r<o0,(g,r) # (2,00) and
1
=+
q
PROPOSITION 2.3 (Strichartz estimates for wave equation [11], [10]). Let u
be the solution to (2.1) on any time interval 0 € I C [0,1], we have

= |

1
<.
—2

lull Lo (r;a(rsy) < C(H(uoaul)HHs + ||f||La’(1;Lb/(1r3)))
under the assumptions that

(1) wave admissible condition: both the pairs (p,q) and (a,b) are wave-

admissible;
(2) scaling invariant condition:
1 n 3 1 n 3 9 3
-+ -=—+—-—-2=_—5s.
p q ada UV 2

Indeed, in our case, the Strichartz type estimate we use is mainly for the
pair (172%’3, 2p) with regularity s =1 and the pair (co,2) with s =0. Precisely,
what we need is the following estimate
(22) H (U, atu) HL?"([,H;) =+ ||Iu’||pr2Tp3 (r Lip) S || (UO? u’l) HHl + ||f||L%(I,Li)
for any time interval I containing ¢, with |I| < 1. In the following, we de-
note ¢p a radial smooth function on R? such that ¢p =1 on the ball B(0,1)
and ¢g =0 outside the ball B(0,2). Then we recall the following projection
operators for any integer N > 1

Poyu=ap+ Z N (%) (an cos(n - z) + by sin(n - z))

nezs
provided that u is given by

u=ap+ Z ay cos(n - x) + by sin(n - x),
nezZs.

where Z3% := {(ni,n9,n3) € Z%mn; > 0} \ ({(0,n2,n3) € Z3|n, < 0} U
{(0,0,n3) € Z3|n3 < 0}). When N =27 is a dyadic for some j > 0, we also
define the projection operators

Pju = P<gju — P<gj1u,

where we have used the convention that P<s-1u=0. Then by the classi-
cal Littlewood—Paley theory, we have the following characterization of H®-
Sobolev spaces
2 25 2
el ~ Y 2%7° || Pul .

Jj=20
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We also need Bernstein’s inequality
|Pexullze SN0 | Peyullr, 1<p<g<oo.
2.2. Probabilistic preliminaries. Now let
(0 (W), Brj (@), g (w))nGZiJ:O,l

be a series of independent identically distributed real, mean zero, random vari-
ables on the probability space (£2,.4,P) with the same distribution function 6.
Assume that there exists ¢ > 0 such that

o0 5
(2.3) Vv eR, / e dh(x) <e“ .
— 00
Using such a series of random variables, we randomize the data (ug,u1) € H?,
given by their Fourier series with all coefficients real

(2.4) uj(r) =a; + Z (bn,jcos(n-x) + ¢y jsin(n-z)), j=0,1
nezs

by setting

(2.5) uf(z) =aj(w)a; + Z (Bn.j(W)by,j cos(n - ) + v, (w)cp,jsin(n - z)).
nezs

REMARK 2.4. Indeed the map w+—— (u§,uy) induces a Borel probability
measure on H°® equipped with its natural topology. Furthermore, this proba-
bility measure on H° has many nice properties such as “non-regularization of
the data” and “non-vanishing on any open set”, which exclude the possibility
of “regularizing effect” originating from such procedure when applied to PDE.
See [8], [6] for more details.

We first recall the following estimates of higher moments of random series
associated to any given £? sequence (c,,), which is very important in obtaining
probabilistic estimates for the random variables (u§,u$).

LEMMA 2.5 ([6]). Let {gn} be a sequence of independent mean-zero, real-
valued random variables and the distribution function of g, satisfies the as-
sumption (2.3) for any integer n. Then for any % sequence (c,) and any
q > 2, there exists ¢ >0 such that

| ontrea,, <evaliena
By using this estimate, we can prove the following local-in-time probabilis-
tic Strichartz estimates by using the ideas used in [6], [7], [18].

LeEMMA 2.6 ([6], [7], [18]). Let (ug,u1) € H*(T?) be given by the series
(2.4) with all coefficients real and (uf,uy) be randomized as in (2.5). Assume
I=]a,b] CR is a compact time interval.
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(i) If s =0, then for any given 1 < g < oo and 2 <r < 0o, there exist C,c >0
such that

P(||s() (uo’ul)HLgLa(IxTS) >A) < C’exp(c 2 5 >
‘ 1 [ (uo, u1) |50
(ii) For any given 1 < ¢ < 00,2 <r < oo, there exist C,c> 0 such that
)\2
P S(t) uw’uw ar, > A <C’exp(—c—)
(150065558 555150, > ) T e
for (il.a) s=0 if r <oo and (ii.b) s >0 if r = 0.

By denoting S(t) by

(2.6) S(t)(uo,u1) ::—% sin (¢|V])uo + wM,
we state the following proposition, which plays an important role in obtaining
the probabilistic a priori bound on the solution to the equation (3.2). This
is also the key probabilistic estimate in Oh—Pocovnicu’s approach to almost

sure global well-posedness of energy critical wave equation in [17].

PROPOSITION 2.7 ([17], [4]). Assume s> 0. Let (ug,u;1) € H*(T?) be given
by the series (2.4) with all coefficients real and (uf,uf) be randomized as in
(2.5). And let T >0 and S*(t) = S(t) or S(t). Then for 2 <r < oo, we have

(2.7) P(HS*(t)(ug’uulJ)||Lch;([o,T]xT3) >>\)

)\2
< Cexpl| —c
= p< max(l,T2)||(U0aU1)||%-L6>

for any € > 0 smaller than s, where the constants C' and ¢ depend only on r
and €.

The proof of Proposition 2.7 runs the same as what T. Oh and O. Pocovnicu
did in [17]. However, by viewing (8;)¢ = (V)¢ when acting on e¥"V~%y, we
can prove Proposition 2.7 by the trick of losing some derivatives in space-time.
See [4] for more details.

3. Probabilistic analysis of NLW
We first look at the truncated equation

(3.1) (0F = A)uy + un " un =0,
. (un,Orun) = (P<nuo, P<nur).
As the initial data (P<nuo, P<nyu1) is smooth for any data (uo,u;) € H® with
s> 0, the equation (3.1) has a global smooth solution. In order to study the
contributions of the low-frequency portion of the initial data, we rewrite (3.1)
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equivalently as

02 — Aoy + lon + 28 P How +2n) =0,
(3.2) {(t )N lon + 25" (un + 2n)

(UNv 8tUN) = (Oa 0))
where zy = S(¢t)(P<nuo,P<nui) is the free wave propagation of
(P<nug,P<nu1). The following probabilistic a priori estimate of solutions
to the equation (3.2) is the main result in this section.

PROPOSITION 3.1. Let s € (g%i)’ 1) and N > 1 dyadic. GivenT,ec >0, there
exists QN,Tﬁ C Q such that

(1) ]P)(Qﬁv,T,e) <g,
(i) there exists a finite constant C(T, e, ||(uo,u1)||=), independent of N, such
that the following energy bound holds

(3.3) sup H (v%(t),@tv%(t))nﬁl < C’(T,E7
t€[0,T)

|(“07“1)Hﬂs)

for any solutions v$, to (3.2) with w € Qn 7.

REMARK 3.2. Indeed, we can even choose the set Qy 7. independent of
N, which is just a careful application of Proposition 2.6 and Proposition 2.7.

Proof. We argue in the same way as Oh—Pocovnicu did in [17]. First ob-
serve that then there exists some constant
1
[ ]| 2 < elloifloes < cB(uR) 7

where E(u)(t) is the energy function associated to the equation (1.1), and is
defined by

1 1
E t)=— 2 2 Oyul? —/ P gy,
(w)(t) 2/W|Vu| o+ = [l da
Now if we have

(3.4) sup E(vy) <C
t€[0,T]

then we would have

2 2
sup H(v%(t),@tvﬁ(t)) H,Hl < (C+CP+1).
t€[0,T]
Consequently, we only need to prove (3.4).
As above zy(t) = S(t)(P<nuo, P<nu1) and we let Zy := ‘9<‘é’>". Let 6 >0
sufficiently small such that g%i’ + 6 < s. For fixed T,e > 0 we define N,T.e
by

Onre = {w: HZK/HLQTPE + HZ%HL%OLﬁ“

+ ||zju¢;|i$oL4%p;pl> FIUVY 2R e <AL

Iz
LT,Z?
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where X\ = A\(T, ¢, ||(uo,u1)|l#=) > 0 is chosen such that P(Qf\,’T’E) <e. The

existence of Qy 7. is guaranteed by Lemma 2.6 and Lemma 2.7.
In the sequel, we are going to prove

(3.5) sup E(v¥(t)) <C(Te,
t€[0,T]

(uo,u1)HHs)

for w e 0 N,T,.e- In the following of this section, we suppress the index N for
the solution vy to the equation (3.2). We will also do this for the linear
evolution zy(t). In order to achieve the energy bound (3.5), we differentiate
the expression of the energy and calculate

d
dt

—E(v /atvav—Au—HvP’l) x
:—/ dv(lv+ 2P~ (v +2) — [v|P o) da
T3
= —/ Qv (plolP~ 'z +pp — 1o + 02P7227) da,
T3

where in the last equality we have used differential mean value equality with
0 €10,1]. By integrating in time, we have

B / t / dro(t') [p= () [o ()"

+p(p— Do(t') +02(¢)|"*2(¢')] dt’ dx

-/ / ool o(t')] ' da

_/0 [ ow()plo = Dlo(t) +0:(¢) () a e
= I(t) + I (t).

Noticing that

E(v)(t)

[[v+ 0277222 < c(Jv[P~22 + [2]P),

where c is a constant depending only on p, we have
t
(@] < / o ()]l @) 220 s (¢)
t
+ [0 |2 75,

t
< (1+H2”2Lt 4<p+1>)/ max (E(v)(t), E(v )2(p+1))dt +|\Z||L4PLQP

P 0
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3p—3
2p+2

Thanks to the assumption p < 5, we have that < 1. And hence we only

need to consider

3O [HOI O g i) [ B+ A2
First, we are going to deal with the term I(¢). As v(0) =0 and v=1vY is

smooth, both in ¢t and x, integrating by parts, we have

37 It)= —/ t)|v]? + / / Oz (t )" dt' de =: 11 (t) + L»(t).
T3
As for the first term I (¢), we have

+1 — +1 — 1
(3.8) ’Il(t)’ < a||v(t | ip+1 +a p||z(t)| iwl <aEW)(t)+a p||z||§;Lg+1,
where a is a small constant, to be chosen later.
Then we turn to bound the term I5(t). To do this, we need the following
lemma.

LEMMA 3.3. Let v,Z as above. Then there exists some constant C such
that,

lo|P~ (V) zdz| < C[(|[(V)*~2 D E@)(6) + (V) 2",

||L°o L

T3

where s—:=s —§ for any sufficiently small, positive §.

Proof. Denote P; the Littlewood—Paley projection onto the dyadic 27 for
j € N*. Then we have

/T3 [o|P~ (V) 2z da ~ Z Z/ Py ([0 0) Py ((V)2) da.

k=—135>0

Notice that the contribution of the summation over kK = —1,0,1 can be
bounded by that of the case k =0, so in the following we will omit the sum-
matin over the index k and sometimes omit the index k directly.

For the low frequency case j < 2, we have

’/11‘3 Pk ([oP~ ) Py ((V)Z) da

A further application of Holder inequality, we have

> [ Pl ) B (9)2)

71<2

<) e oW

(3.9) < |[(wys=z|P

T E()().

For the high frequency portion j > 2, we split the nonlinear part P; (Jv]P~1v)
into the small value part and large value part. Precisely, we introduce a bump
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function x : RT — [0,1], which takes its value 1 on [0,1] and vanishes outside
[0,2], then we split

B = (1t (5) )+ (1o (124(55) )

=: Iz1 + Ia2,

where ); is a sequence of numbers to be chosen later.
For small values of v, by Holder inequality, Bernstein’s inequality and the
boundedness of Riesz transformation, we can do the following calculations

’/1‘3 Pj(|v|p_1vx)Pj(<V)z) dx| = /T3 Pj(|v|p_1vx)V~V_1Pj(<V>z) dx

= '/ VP ([P~ tox) VTP ((V)2) do
T3

S22 e 185 (T (fel ex))

S22 e o o]y

S22 o

I

+1
x Vo2l s

<2V L AT B () (1),

. p—3
To guarantee the convergence of the series Zj>2 2_3(5_))\]-2 , we choose

A\; =2% with a € (0, ]2)5 5)- And in this case, we have

Z/ [P~ Lox) Py ((V)z) dz| <

7>2

(3.10)

provided that the Sobolev regularity index s is positive.
For the case v is large, we first consider the case [p] is odd. By denoting
a=p— [p], we do the following calculations

’/T313j(|v|17—1v(1 — )P ((V)2) da
/qrg Pj( Z <p1]_[1lev> (vlo]*(1 - )))Pj(<v>g) dar

J1:J25--:J[p]—157Y
[p]—-1
( 17 ) vlo*(1 - X))

<

< Hpj<v>8*g”m{)2j(1*(8*)) Z

J1seesdlp]—1:7Y

L
< Mj +Nj,
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where
M; = ||P(V)*~ || 270~
1
g 2 (H%v) olo]*(1 X))
J12max (j2,..,4[p]—157) L
and

Nj = ||Py(V)* 2|| .27 )

Cy (pﬁlpv) (ol )

y2max (Ji,.-»J[p]—1)

L

(1) To control Mj: observe that if j > j;, we should have that M; =0. And
hence, we have

D My < Y|PV 20D

j>2 i>2
[p]—1
x> (HPv)PW vlo]*(1 - X))
J12J25--:J[p]—1»
J1>y
Jit[p)>7

< Z ||Pj <v>8*5||Loc 93(1=(s—))

j>2

X Z 1}” p+1

Ll

[p]—1

[T Zav)l o 1B (oI =20) ] gy

1
x

J12J25-d[pl—1 ip]

J1>“/

Jit[p]>j
<D PO TR 2Ty Bl e (il
J>2 : J1+Ip]>4 Le
D P R R S T O L
Jj>2 Ji+[p]>3
=D A A P C e S e T el
Jj>2 Ji+[p)>i
52”( 5—~H 2i(1=(s=))9— J(ﬁ—)E( ),

i>2
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where in the second last inequality, we have used the boundedness of Riesz
transformation. Consequently, the last series converges provided

p—3
s>
p—1

And in this case, we have
(3.11) D M S (VY e E)().
3>2
(2) To control N;: the same observation as in controlling M; allows us to
only need to deal with the case v+ [p] > j. Then

DN =D PV 20

7j>2 J>2
[p]—-1
x Y (H Pjiv>P7<v|v|a<1—x>)
=1

VG150 dp] -1 L
v+[pl >3
=D [Py 20
§>2 *
x> 1Py (vl -
VY215 dp)—1 L=t
y+([p]>J
<D vy 20D
i>2
X Z 125 (vlwl*( )H 2§p+1) HP’Y(U|”|Q(1_X))H p+1 HU||LP+1
Y+[pl>j Ly
< Z || Vs~ z 23(1=(s-))
Jj>2
S 18 wlol (= 0) [P [0t
X P v|v L v £
Y+[pl>j L;Li? L&*
<Y |I(w) )L 270
j>2
2 2(1+a)
x 3 2|V (ol (L= 0N | S Il
Y+Ipl>j Lgtitee

where in the last inequality, we have used the boundedness of Riesz trans-
formation. Since

VP, (v[v|*(1 = x)) ~ Volv|*,
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we have that

ZNJSZH 2](1 (s=))
7>2 Jj>2
v Lfl&)
X Z 27 Tp— 1||V11><|U‘ || 2(p+1) HU||LP+1
y+([p]2J
52“ )=z H 9i(1—(s—
i>2
2(14a)
X Z 2_7%”V”H H‘”‘ || P+1 HUHL"+171
y+[pl>j
SO [\ hae P LD DR A 20
ji>2 ’Y+[Z)>J
§Z||<v>572||[,°° (1*(5 ))2( Jp=1 )+ E( )
j>2 ’

Thus the last series converges provided that

ss P73
p—1

And in this case we have

(3.12) > NSV )72 L E()(1)
§>2
For the case [p] is even, we should replace the expression P;(|v[P~1v) =
> P2 lp)—- 1P ,UP, (v|v]*)) in the case that [p] is odd by the expression

Pi(|vp~t ) > P12 p] 2 Pj,vP,(v[v]***)), and do the same calculations as
above with some dlfferent Holder indices.
Now, in our situation, it is only left to prove the case o =0, which is just
the case p=4. Indeed, this case is much easier to check.
By collecting the bounds (3.9), (3.10), (3.11) and (3.12), we can close the
proof of Lemma 3.3. O

As a consequence of Lemma 3.3, by the fact that 9;z(t) = (V)Zz, we have

813) 15l [ ()2 (@)™ (04 ) (@) B

Finally, by collecting the estimates (3.6), (3.8) and (3.13) together, with
a sufficiently small, and using Gronwall’s lemma, one can finish the proof of
Proposition 3.1. (]
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4. Deterministic analysis of NLW

Using energy and Strichartz estimates, we can establish the following
lemma, which is the key deterministic step in constructing solutions for the
problem (1.1).

LEMMA 4.1. Let p € (3,5) and suppose that (vo,v1) € H' is bounded by
some constant C,% then for the wave equation
(@) (0 = A)v+ v+ fP v+ f) =0,
' (v,@tv)|t=t0 = (’Uo,’Ul) S 7‘[1 (TB),

there exists t. > 0, such that the equation (4.1) has a unique solution in

2p_
(C([to,to + t]; HL) N LY~ (I; L2P)) x C([to, to + t«]; L2) =: X, under the con-
dition that
(4.2) IFIl 2, < Kt

LE™? ([to,to+t.];L3)
where (8 is some positive number.

REMARK 4.2. Thanks to the fact that p is strictly less than 5, we do not
need to prove Lemma 4.1 via the stability theory for the critical NLW as
Pocovnicu did in [18].

The proof of Lemma 4.1 is a standard argument via fixed point argument.
As we will play this argument in the forthcoming Lemma 4.4, we omit the
proof here.

Now we are going to construct solutions for the equation (1.1). By denoting
v:=wu— f with f = 5(¢)(uo,u1), then v satisfies the following zero-initial data
problem

(4.3) {(53—A)v+|v+f|”‘1(v+f)=o,

(’U,aﬂ}”t:o = (O, 0)
The following deterministic result, allows us to draw an a priori energy

bound of solution v to the equation (4.3) with f = S(¢)(u§,uy) from that of
solution vy to the truncated equation (3.2).

PROPOSITION 4.3. Let fy := P<nyf denote the projection onto the first
N-Fourier modes of the given function f and vy be the solution to the trun-

cated wave equation (3.2). Given finite T > 0, assume the following conditions
hold:

(i) There exists K >0 for some 3> 0 such that

(4.4) If1l 2o <K|1|°
LP3 L2 (IXT3)

for any compact interval I C[0,T).

2 In the forthcoming application, the data is chosen to be bounded by the constant C as
in (3.3).
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(ii) For each dyadic N > 1, the solution vy to (3.2) exists on [0,T] and
satisfies uniformly the following a priori energy bound

(4.5) sup sup ||(UN(t),8tvN(t)HH1(T3) < Cy(T) < 0.
N te[0,T]
(iii) There holds for any dyadic N > 1 and some a >0
(4.6) If =Sl 2o, <CU(T)NT
Lo L="

Then there exists a unique solution (v,dyw) € C([0,T]; H (T?)) to (4.3) satis-
fying
(4.7 sup || (v(t), Ov(t)) ||H1(T3) <2CH(T) < 0.

t€[0,T]

Proof. To prove Proposition 4.3, we need the following lemma, which states
that we can solve simultaneously, on some time interval [tg,tg + t.] for any
to €10,7), the following two equations

(07 — Ao + fon + P o + fir) =0,
(4.8)
(v, 80N |e=t, = (vn (to), Bron (o)),

and

(49) { (97 = A)v+|f + 0P~ (f +v) =0,

(’U, atv)|t:t0 = (U(to), at’l)(to)> .

LEMMA 4.4. Assume there hold (4.4), (4.5), (4.6). Assume also there holds
for any to € 10,T)
(4.10) sup H(v,c')tv)HHl <2CH(T) < o0,

te[0,to]

where Co(T) is the same constant as in the assumption (4.5). Then there exist
a sufficiently large N1 and a positive time t, = t.(Co, K, N1) > 0 such that, for
all N > Ny, on the time interval I = [to,to + t«|, we can solve simultaneously
the equations (4.8) and (4.9). Moreover, if we denote these solutions by vy,
and v respectively, we have

iz -1 -1 -1 -1
411) &7 (ol +lowllP e AP 2 NP ) <1
LP 3,2 3, 2p P32

3Ly LP3L2 pes e LP=3 L2
for all N > Njy.

Proof. We will use fixed point argument to prove this lemma. As this
is standard, we only outline the main steps here and give precisely these
estimates we are going to use in the following of this section. Let X be the
space as in Lemma 4.1. Define the maps L; on B(0,R;) C X and L2 on
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B(0, R2) respectively, as:

Li:uny€ B(O,Rl) —> UN,
Ly :ue B(0,Ry) —> v,
where vy and v solves respectively, the equations
(07 — A)vn + |un + [P (un + fn) =0,
(N, OoN) 1=ty = (viv (to), Drvn (to)),

and
(07 = Ao+ [ +ulP~(f +u) =0,
{ (0, 0¢V) |t=t, = (v(to),atv(to)).
By (4.4) and (4.6), we have

Ifnll 22 < KP4 Cy(T)N~.
LP3 L3P

In order to show L; to be a contracting map onto B(0,R;), by using en-
ergy and Strichartz estimates, we have for (vy,0wn) € B(0,Ry) and u, @ €
B(0, Ry) the following estimates

[Lion | x S [[(vw(to), vn (t0)) || +7 (||”N||p 2+ [Fpg iy )
L™ L3P

LP~ SL2p
< [ (o (t0). Brvne(t0)) | 0 + 27 (||vN||p KM NP,
t ’ sz
and
~p—1 1
= Ludilx S % =l (5 + 1015+ 112, )
LP 3L

5—p
Ste? flu—allx
X (lullit @l + K N,
Hence we conclude that, under the assumptions that
Ry =2Cy(T),
.7 RV <1,
(4.12) 5-p
t.2 (KPP + N7P*) < Ry,

tj%p (Kp—ltipfl)ﬁ 4 N—(p—l)a) < 1’
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the solution map L; is a contraction map onto B(0, Ry). Doing similar cal-
culations as above, we can see that under the conditions that

Ry = 2Co(T),

5—p

t*szg—l <1,
(4.13) 5-p
t.7 KPP < Ry,

e 1,p—1
t.7 kPl <,

the solution map Lo is also a contraction map onto B(0, Rz).

Thus there exists sufficiently large Ny = N1 (K,Co(T)) such that, for all
N > Ny, by choosing t. = c(K + Co(T'))~7 with ¢ and ~ small positive con-
stants, these two assumptions hold true at the same time. And hence we can
solve these two equations on the same time interval [tg,to + t]. By choosing
t. even smaller if necessary, we can validate the estimate (4.11). (]

As a consequence of the proof of Lemma 4.4, we have for the difference
wy =v — vy on the time interval T = [tg, g + t.]:

(414)  (lwnllrgerr + lwnll 2o
zp Lz?
< Cullon (0l + ol s, + 515 = Inl
Thus we have
(4.15) ||wN||L}’°7-L1+||wN||L%LZPSC3 ) (lwn (to) ||0 + N %)

I
for all N > Nj.

With these estimates, we start to solve the problem (4.3) with to =0. As
(v, B:v) |31 (0) =0 < 2Co(T'), we can solve simultaneously the equations (4.8)
and (4.9) on the time interval Iy = [0,t.], where ¢, is obtained in Lemma 4.4
and it depends only on Cy(T) and K. Furthermore, by (4.14) and (4.15), we
have for all N > N;

(416) .2 (1P HllonlP NP NP )<,
LI;I]—S 2 3 1 2p 2

L2» LP=3 L3P LP=3 L3P Lp-3LEP
and hence
@a17)  onlige + ol e,
0
1
< Collun s + ghonll n, , + 51 = Il P
IO x
Thus, we have
(4.18) lonllpgn + llwnll 2e < C3(T)NT.
Lp—3 L2p

Iy x
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Therefore, by (4.18) and (4.5), there exists Ny = No(T') > N7 such that

(4.19) | (v, 8tv)HL?°?—L1 < Co(T) +TC3(T)N~* < 2Co(T)
0
for all N > Ns.
This last bound (4.19) allows us to apply Lemma 4.4 again with tg = t..

And by denoting I = [t.,2t.], we have

52 p—1 p—1 p—1 p—1
t? (0l w2 I e+ ) <1

LP*3 2p p—3 r2p p—3 r2p -3 Lip

2
p
I z n L I B Ly

By the same argument as we did on Iy, there exists N3 = N3(T') > N» such
that

(4.20) | (v, Opv < Co(T)+TC3(T)(C3(T) + 1) N~ < 2Co(T)

-

for all N > N3. Notice that the bound (4.20) together with (4.19) allows us
to use Lemma 4.4 again.

Iterate the above procedure, we can extend the solution v onto the whole
interval [0,T]. Moreover, there exists Ny = No(T\,t.) € N such that

. (0,00)]|, < Co(T) +T(Co(T) + 1) N= < 2(T)
te[o,T

for all N > Ny. Hence, we have that the solution v to the equation (4.3)
satisfies the energy bound (4.7) on [0,T]. O

5. Almost sure global well-posedness

The following proposition can finish the proof of Theorem 1.2, see [8] and
[18] for details.

PROPOSITION 5.1 (Almost sure global well-posedness). Given s € (g%i’, 1),
for any data (ug,u1) € H?, let (uf,uy) be the randomization defined in (2.5)
under the assumption (2.3). Then given any T,e >0, there exists Qo C
such that

(i) P(Q7,) <e,
(ii) for any w € Qr ¢, there exists a unique solution u“ to the equation (1.1)
with (u¥, 0u®)|t=0 = (u§ ,uy) in the class:

(S(t) (ug, uf), 0,5() (ug,uy)) + C ([0, T); H'(T?)) c C([0,T]; H*(T?)),

(iii) for any w € Qp ., the following probabilistic energy bound holds for the
nonlinear part v¥ of the solution u®:

) <C(T,<€7

sup || (v, 9o

t€[0,7) |(U07U1)HHS(TS)).

)HHl(’]T3
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Proof. We argue in the same way as in [17]. We first construct a set Qq,
over which the assumption (iii) in Proposition 4.3 holds for all dyadic N.
As usual, we denote 2 = S(t)(ug,uy) and 2% = P<nS(t)(u§,uy). Taking
a€(0,s), we set

1

_ 1\2
M:M(T76’| (UO,UJ)HHQ> NTPP*S <10g g) H(uo’ul)HHa'
‘We then denote
Q1 :=0(T,¢e) := Q:{(V)*2® 1 <M;j.
1 1(Tye) == {w € Q: (V)2 HLéLip* }

By Lemma 2.6(ii) we have that

(5.1) P(0) < %

Moreover, for each w € 1, we have for any N > 1

(5.2) 2% = 28| 2 . SN2V = . < MNT2
Lq}:*B sz LF})‘—S Lip

Next, we are going to construct another subset s C €2, over which the
assumption (ii) in Proposition 4.3 holds for all dyadic N. Given any dyadic
N >1, apply Proposition 3.1, we can construct Qo(N) := Qn 1 with

(5.3) P(Q5) < %
such that
(5.4) sup || (v% (1), 005 (1)) ||, < Co(Té, ||(uo, u1)]|,,.) < o0

t€[0,T)
for each w € Q3(N). The main point here is that the constant Cy =
Co(T,e,||(ug,u1)||3=) can be chosen to be independent of N.
Lastly, fix K = ||(ug,u1)o and 28 = E=2 in the following. Let ¢, >0

be a small number and be chosen later. By writing [0,7] = ULTZ/S] I, with
Iy, = [kts, (K + 1)t.] N [0,T], define Q3 by

[£]
(5.5) Qo= (J{we: ¥ 2 <KL}
k=0 Ly, "L

Then by Lemma 2.6 with |Ij| < t., we have
(T/t.] T c
P(Qg)g kz::o P(HZWHLIP::D?’LiP>KIk|ﬁ)§t—*eXp(—T2—tzﬁ>

By taking t. even smaller if necessary, we have

T
* 2T2t*2p 2T t*
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Hence, by choosing t. =t.(T,¢) sufficiently small, we have
(5.6) P(Q5) < %
Let Q¢ := Q1 N Q2(Ng) N3, where Ny is to be chosen later. Then from

(5.1), (5.3) and (5.6), we have that

P( °T5) <e.
By choosing Ng = No(T, ¢, ||(ug, u1)||=) > 1, by Proposition 4.3, we have that
there exists a solution v“ to the equation (4.3) on [0,T] for each w € Qr.

Hence for w € Qp ., there exists a solution u¥ = 2% 4+ v* to the equation (1.1)
on [0,7]. Moreover, there holds the estimate:

sup (1 (1), 90 (1) s sy < 20T 0 1)) < 00

for each w € Q. O
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