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Abstract

In this paper we will study the Cauchy problem for strictly hyperbolic operators with low regularity
coefficients in any space dimension N > 1. We will suppose the coefficients to be log-Zygmund continuous
in time and log-Lipschitz continuous in space. Paradifferential calculus with parameters will be the main
tool to get energy estimates in Sobolev spaces and these estimates will present a time-dependent loss of
derivatives.

1 Introduction

This paper is devoted to the study of the Cauchy problem for a second order strictly hyperbolic
operator defined in a strip [0,7] x RY, for some 7' > 0 and N > 1. Consider a second order
operator of the form

N

(1) Lu = 0%u — Z 0 (a;i(t, x) Opu)
k=1

(with aji = ay; for all j, k) and assume that L is strictly hyperbolic with bounded coefficients,
i.e. there exist two constants 0 < Ag < Ag such that

N

Ao €7 < Z ajk(t,2) & & < Ao ¢]?

J,k=1

for all (t,2) € [0,T] x RY and all ¢ € RV.

It is well-known (see e.g. [11, Ch. IX] or [15, Ch. 6]) that, if the coefficients aj;, are Lipschitz
continuous with respect to ¢ and only measurable in x, then the Cauchy problem for L is well-
posed in H'-L?. If the aji’s are Lipschitz continuous with respect to ¢t and Cp° (i.e. C* and
bounded with all their derivatives) with respect to the space variables, one can recover the well-
posedness in HT1-H* for all s € R. Moreover, in the latter case, one gets, for all s € R and for



a constant Cs depending only on it, the following energy estimate:
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0<t<T
T
< €. (10,1 + 100+ [ It e ot
0

for all u € C([0, T]; H**Y(RN)) n €([0,T]; H*(RY)) such that Lu € L'([0,T]; H*(RY)). Let us
explicitly remark that previous inequality involves no loss of regularity for the function u: estimate
(2) holds for every u € C%([0,T]; H*(RY)) and the Cauchy problem for L is well-posed in H>
with no loss of derivatives.

If the Lipschitz continuity (in time) hypothesis is not fulfilled, then (2) is no more true.
Nevertheless, one can still try to recover H-well-posedness, with a loss of derivatives in the
energy estimate.

The first case to consider is the case of the coefficients a;; depending only on ¢:

N
Lu = d*u — Z ajr(t) 0;0ku .
k=1

In [6], Colombini, De Giorgi and Spagnolo assumed the coefficients to satisfy an integral log-
Lipschitz condition:

T—e
3) / mﬂu+a——%awMtsckk%(1+i),
0
for some constant C' > 0 and all € €]0,7]. To get the energy estimate, they first smoothed
coefficients using a mollifier kernel (p.).. Then, by Fourier transform, they defined an approxi-
mated energy E.(&,t) in phase space, where the problem becomes a family of ordinary differential
equations. At that point, the key idea was to perform a different approximation of the coefficients
in different zones of the phase space: in particular, they set ¢ = |¢|~!. Finally, they obtained an
energy estimate with a fized loss of derivatives: there exists a constant § > 0 such that, for all
s € R, the inequality

1) wp@w»mwa+mw»mm>s

0<t<T
T
< G <IU(0, M ars+1 + 110u(0, )| 1= +/ [ Lu(t, )| s dt)
0

holds true for all u € C2([0,T]; H*(RY)), for some constant Cy depending only on s. Let us
remark that if the coefficients a;; are not Lipschitz continuous then a loss of regularity cannot be
avoided, as shown by Cicognani and Colombini in [4]. Besides, in this paper the authors prove that,
if the regularity of the coefficients a;; is measured by a modulus of continuity, any intermediate
modulus of continuity between the Lipschitz and the log-Lipschitz ones entails necessarily a loss
of regularity, which, however, can be made arbitrarily small.

Recently Tarama (see paper [16]) analysed the problem when coefficients satisfy an integral
log-Zygmund condition: there exists a constant C' > 0 such that, for all j, k and all € €]0,7/2],
one has

T—¢ 1
(5) / laje(t +¢) + ajp(t —e) — 2a(t)|dt < Celog <1 + €> .

On the one hand, this condition is somehow related, for a of class C?([0,7]), to the pointwise
condition |a(t)| + |ta’(t)| + [t?a”(t)] < C, considered by Yamazaki in [17]. On the other hand,



it’s obvious that, if the a;;’s satisfy (3), then they satisfy also (5): so, a more general class of
functions is considered. Again, Fourier transform, smoothing out the cofficients and linking the
approximation parameter with the dual variable were fundamental tools in the analysis of Tarama.
The improvement with respect to paper [6], however, was obtained defining a new energy, which
involved (by derivation in time) second derivatives of the approximated coefficients. Finally, he
got an estimate analogous to (4), which implies, in particular, well-posedness in the space H°.
In paper [8], Colombini and Lerner considered instead the case in which coefficients aj;, depend
both in time and in space variables. In particular, they assumed an isotropic punctual log-Lipschitz
condition, i.e. there exists a constant C' > 0 such that, for all ¢ = (7,£) € R xRN, ¢ # 0, one has

sup laju(z + ) — a(2)| < C|[¢]log (1 * |2|> .

z=(t,z)ERXRN

Again, smoothing coefficients with respect to the time variable is required; on the contrary, one
cannot use the Fourier transform, due to the dependence of a;, on z. The authors bypassed this
problem taking advantage of the Littlewood-Paley decomposition and paradifferential calculus.
Hence, they considered the energy concerning each localized part Apu of the solution u, and then
they performed a weighted summation to put all these pieces together. Also in this case, they
had to consider a different approximation of the coefficients in different zones of the phase space,
which was obtained setting ¢ = 277 (recall that 2” is the “size” of the frequencies in the v-th ring,
see subsection 3.1 below). In the end, they got the following statement: for all s €]0,1/4], there
exist positive constants 5 and Cs and a time 7™ €10, T such that

© s (Bt a0+ 100t oo ) <

0<t<T>

T*
< ¢, (nu(o, Waa—os + 1000, )1+ + /0 |Za(t, )| e dt)

for all u € C2([0,T]; H*(RY)). Let us point out that the bound on s was due to this reason: the
product by a log-Lipschitz function is well-defined in H* if and only if |s| < 1. Note also that this
fact gives us a bound on the lifespan of the solution: the regularity index —s + 1 — 87 has to
be strictly positive, so one can expect only local in time existence of a solution. Moreover in the
case the coefficients aj;, are C;° in space, the authors proved inequality (6) for all s: so, they still
got well-posedness in H*°, but with a loss of derivatives increasing in time.

The case of a complete strictly hyperbolic second order operator,

N N
Lu = Z Oy, (ajx Oy, u) + Z (bj Oy, u + 9y, (c; u)) + du

(here we set y = (t,z) € R, x RY), was considered by Colombini and Métivier in [9]. They
assumed the same isotropic log-Lipschitz condition of [8] on the coefficients of the second order
part of L, while b; and ¢; were supposed to be a-Hélder continuous (for some a €]1/2,1[) and d to
be only bounded. The authors headed towards questions such as local existence and uniqueness,
and also finite propagation speed for local solutions.

Recently, Colombini and Del Santo, in 7] (for a first approach to the problem see also [10],
where smoothness in space was required), came back to the Cauchy problem for the operator
(1), mixing up a Tarama-like hypothesis (concerning the dependence on the time variable) with
the one of Colombini and Lerner (with respect to x). More precisely, they assumed a pointwise
log-Zygmund condition in time and a pointwise log-Lipschitz condition in space, uniformly with
respect to the other variable (see conditions (9) and (10) below). However, they had to restrict
themselves to the case of space dimension N = 1: as a matter of fact, a Tarama-kind energy



was somehow necessary to compensate the bad behaviour of the coefficients with respect to t,
but it was not clear how to define it in higher space dimensions. Again, localizing energy by
Littlewood-Paley decomposition and linking approximation parameter and dual variable lead to
an estimate analogous to (6).

The aim of the present paper is to extend the result of Colombini and Del Santo to any
dimension N > 1. As just pointed out, the main difficulty was to define a suitable energy related
to the solution. So, the first step is to pass from functions a(t,x) with low regularity modulus of
continuity, to more general symbols o, (¢, z, ) (obviously related to the initial function a) satisfying
the same hypothesis in ¢t and x, and then to consider paradifferential operators associated to these
symbols. Nevertheless, positivity hypothesis on a (required for defining a strictly hyperbolic
problem) does not translate, in general, to positivity of the corresponding operator, which is
fundamental in obtaining energy estimates. At this point, paradifferential calculus depending on
a parameter v > 1, defined and developed by Métivier in [12] (see also [14]), comes into play and
allows us to recover positivity of the (new) paradifferential operator associated to a. Defining a
localized energy and an approximation of the coefficients depending on the dual variable are, once
again, basic ingredients in closing estimates. Hence, in the end we will get an inequality similar
to (6), for any s €]0,1].

The paper is organized as follows.

First of all, we will introduce the work hypothesis for our strictly hyperbolic problem, and we
will state our main results.

Then, we will present the tools we need, all from Fourier Analysis. In particular, we will recall
Littlewood-Paley decomposition and some results about (classical) paradifferential calculus, as
introduced first by J.-M. Bony in the famous paper [2]. We will need also to define a different class
of Sobolev spaces, of logarithmic type, as done in [9]: they will come into play in our computations.
Moreover, we will present also paradifferential calculus depending on a parameter (which is basic
in our analysis, as already pointed out), as introduced in [12| and [14]. A complete treatement
about functions with low regularity modulus of continuity will end this section. In particular,
we will focus on log-Zymgund and log-Lipschitz conditions: taking advantage of paradifferential
calculus, we will establish some properties of functions satisfying such hypothesis. Hence, we will
pass to consider more general symbols and the associated paradifferential operators, for which we
will develop also a symbolic calculus and we will state a fundamental positivity estimate.

This having been done, we will be then ready to tackle the proof of our main result, for which
we will go back to the main ideas of paper [7]. First of all, by use of a convolution kernel, we
will smooth out the coefficients, but with respect to the time variable only. As a matter of facts,
low regularity in = will be compensated by considering paradifferential operators associated to
our coefficients. Then, we will decompose the solution u to the Cauchy problem for (1) into
dyadic blocks Apu, for which we will define an approximate localized energy e,: the dependence
on the approximation parameter € will be linked to the phase space localization, setting e = 27%.
The piece of energy e, will be of Tarama type, but this time multiplication by functions will be
replaced by action of paradifferential operators associated to them. A weighted summation of
these pieces will define the total energy E(t) associated to u. The rest of the proof is classical:
we will differentiate F with respect to time and, using Gronwall Lemma, we will get a control for
it in terms of the initial energy F(0) and the external force Lu only.

2 Basic definitions and main result

This section is devoted to the presentation of our work setting and of our main results.
Let us consider the operator over [0, 7y] x RV (for some Ty > 0 and N > 1)

N
(7) Lu = d}u — Z 0; (aij(t,z) Oju) ,

ij=1

4



and let us suppose L to be strictly hyperbolic with bounded coefficients, i.e. there exist two
positive constants 0 < Ao < Ag such that, for all (¢,z) € R; x RY and all £ € RY| one has

N

(8) Mo lE? < Y ai(t2) &€ < Aolél.

ij=1

Moreover, let us suppose the coefficients to be log-Zygmund-continuous in the time variable t,
uniformly with respect to x, and log-Lipschitz-continuous in the space variables, uniformly with
respect to t. This hypothesis reads as follow: there exists a constant Ky such that, for all 7 > 0
and all y € RY \ {0}, one has

1
9) sup |a;j(t + 7, x) + aij(t — 7,2) — 2a;;(t,z)| < Ko7 log (1 + >
(tvx) T
1
(10) (SUI; laij(t,x +y) —aij(t,x)] < Koly| log (1 + M) )
t,x

Now, let us state our main result, i.e. an energy estimate for the operator (7).

Theorem 2.1. Let us consider the operator L defined in (7), and let us suppose L to be strictly
hyperbolic, i.e. relation (8) holds true. Moreover, let us suppose that coefficients a;; satisfy also
conditions (9) and (10).

Then, for all fivred 0 €10,1[, there exist a B* > 0, a time T > 0 and a constant C > 0 such
that the following estimate,

<msw0mmm%wnﬂwwwmwﬁé
0<t<T

T
< € (IO ir-ss2 + 100, g0+ [ 1t oo
0

holds true for all u € C2([0, T]; H>®(RY)).

So, it’s possible to control the Sobolev norms of solutions to (7) in terms of those of initial
data and of the external force only: the price to pay is a loss of derivatives, increasing (linearly)
in time.

3 Tools

In this section we will introduce the main tools, basically from Fourier Analysis, we will need to
prove our statement.

First of all, we will recall classical Littlewood-Paley decomposition and some basgic results on
dyadic analysis. By use of it, we will also define a different class of Sobolev spaces, of logarithmic
type.

Then, we will need to introduce a paradifferential calculus depending on some parameter v > 1:
the main ideas are the same of the classic version, but the presence of the parameter allows us to
perform a more refined analysis. This will be a basic tool to get our result.

After this, we will consider functions with low regularity modulus of continuity. In particular,
we will focus on log-Zygmund and log-Lipschitz functions: dyadic decomposition allows us to get
some of their properties. Moreover, we will analyse the convolution of a log-Zygmund function
by a smoothing kernel.

Finally, taking advantage of paradifferential calculus with parameters, we will consider general
symbols having such a low regularity in time and space variables. Under suitable hypothesis on
such a symbol, we will also get positivity estimates for the associated operator.



3.1 Littlewood-Paley decomposition

Let us first define the so called “Littlewood-Paley decomposition”, based on a non-homogeneous
dyadic partition of unity with respect to the Fourier variable. We refer to [1], |2] and [13] for the
details.

So, fix a smooth radial function x supported in the ball B(0,2), equal to 1 in a neighborhood
of B(0,1) and such that r — x(7¢e) is nonincreasing over R, for all unitary vectors e € RV. Set

also ¢ (§) = x (§) = x (2€) -
The dyadic blocks (A)jez are defined by!

Aj:=0if j<—1, Ag:=x(D) and Aj:=p(277D) if j>1.
We also introduce the following low frequency cut-off operator:

Siu:=x(279D) = ZAk for j > 0.
k<j
The following classical properties will be used freely throughout the paper:
e for any u € &', the equality u =} _; Aju holds true in &
e for all w and v in &', the sequence (S;_3u Ajv)jeN is spectrally supported in dyadic annuli.

Let us also mention a fundamental result, which explains, by the so-called Bernstein’s inequal-
ities, the way derivatives act on spectrally localized functions.

Lemma 3.1. Let 0 < r < R. A constant C exists so that, for any nonnegative integer k, any
couple (p,q) in [1,4+00]? with p < q and any function w € LP, we have, for all A > 0,

1_

1
supp@ C B(0,AR) = ||[VFu|z. < CF! )\k+N<p 0 llwllze ;
suppt C {E € RV |rA <[] < RA} = CF I NF|lue < [|[VFulle < CFFENF||u) 10 -

Let us recall the characterization of (classical) Sobolev spaces via dyadic decomposition: for
all s € R there exists a constant Cs > 0 such that

1 & —
(12) ol > 22 w7 < ullfs < Co Y227 wllia,
S =0 v=0

where we have set u, := A, u.

So, the H® norm of a tempered distribution is the same as the ¢? norm of the sequence
(2% |Ayul|g2), - Now, one may ask what we get if, in the sequence, we put weights different to
the exponential term 2%. Before answering this question, we introduce some definitions. For the
details of the presentation, we refer also to [9].

Let us set II(D) := log(2 + |D|), i.e. its symbol is 7w(§) := log(2 + [£]).

Definition 3.2. For all o € R, we define the space H5T%198 a5 the space I “H?, i.e.

s/2

feHTlE o Tefe H o x%E) (14 PV F©) e L2
From the definition, it’s obvious that the following inclusions hold for s; > s9, a1 > ag > 0:

H81+a110g SN Hsl+a210g o HS s Hs1—aglog SN Hs1—a110g o H%2 .

We have the following dyadic characterization of these spaces (see [13, Prop. 4.1.11]).

'Throughout we agree that f(D) stands for the pseudo-differential operator u +— F~*(f Fu).



Proposition 3.3. Let s, « € R. A tempered distribution u belongs to the space H*T*1°8 if and
only if:

(i) for all k € N, Ayu € L2(RN);
(ii) set Op := 285 (1 + k) || Agul| 2 for all k € N, the sequence (61,),, belongs to £2(N).
Moreover, ||ul|gstatos ~ [|(0%)4llp2-

Hence, this proposition generalizes property (12).

This new class of Sobolev spaces, which are in a certain sense of logarithmic type, will come
into play in our analysis. As a matter of fact, operators associated to log-Zygmund or log-
Lipschitz symbols give a logarithmic loss of derivatives. We will clarify in a while what we have
just said; first of all, we need to introduce a new version of paradifferential calculus, depending
on a parameter v > 1.

3.2 Paradifferential calculus with parameters

Let us present here the paradifferential calculus depending on some parameter 7. One can find a
complete and detailed treatement in Appendix B of [14] (see also [12]).
Fix v > 1 and take a cut-off function ¢ € C°(RY x R") which verifies the following properties:

e there exist 0 < &1 < &9 < 1 such that

1 for [ <er(y 418D
vn. &) = { 0 for |n|>ex(v+1¢])

e for all (3,a) € NV x NV there exists a constant Cg, such that
9700 (n,©)| < T (r+ 167
Remark 3.4. We remark that €1, €2 and the different Cg, occurring in the previous estimates

must not depend on 7.

For instance, if v = 1, one can take

+00
$(n,€) = Yo3(n,€) == D> xu-s(n) @),
k=0

where x and ¢ are the localization (in phase space) functions associated to a Littlewood-Paley
decomposition, see [13, Ex. 5.1.5]. Similarly, if v > 1 it is possible to find a suitable integer p > 0
such that

+o0
(13) Y(0,€) = Yu(n,€) = xu() xpur2(€) + D xn-3(n) px(€)
k=p+3
is a function with the properties just described.
Define now

G¥(z,€) = (F, ') (2,€),

the inverse Fourier transform of ¢ with respect to the variable 7.



Lemma 3.5. For all (3,a) € NN x NV there exist constants C3,a, independent of v, such that:

B < —lo|+18]
(14) [020ec .0y, S oGyl
1 o _
19) [I-t1os (24 1) 02660 |5 G i) ol 7+ ),
LY(RD
Proof. See [13, Lemma 5.1.7]. O

Thanks to G, we can smooth out a symbol a in the x variable and then define the paradiffer-
ential operator associated to a as the pseudodifferential operator related to this smooth function.
We set the classical symbol associated to a to be

0al@,€) = (V(Dr,€)a) (0,6) = (GV(~) 0 al- &) (@),
and then the paradifferential operator associated to a:
T, = 0u(x,D,),
where we have omitted 1 because the definition is independent of it, up to lower order terms.

Remark 3.6. Let us note that if a = a(z) € L™ and if we take the cut-off function ¢_3, then
T, is actually the usual paraproduct operator. If we take 1, as defined in (13), instead, we get

a paraproduct operator which starts from high enough frequencies, which will be indicated with
T/ (see |9, Par. 3.3]).

Let us point out that we can also define a y-dyadic decomposition. First of all, we set

A7) = (P + \5!2)1/2 :

Then, taken the usual smooth function x associated to a Littlewood-Paley decomposition, we
define

xv(&7) = x(27VAE7) ., S) = xu(Day), A =8, —5).

The usual properties of the support of the localization functions still hold, and for all fixed v > 1
and all tempered distributions u, we have

+o0o
u = g Alu in §.
v=0

Moreover, with natural modifications in definitions, we can introduce the space Hij+alog as the
set of tempered distributions for which

e = [ A6 o2 (1 +y+IeD [T dE < +oo.
3

For the details see [14, Appendix B|. What is important to retain is that, once we fix v > 1 (for
example, to obtain positivity of paradifferential operators involved in our computations), all the
previous construction is equivalent to the classical one; in particular, the space Hf,Jralog coincides
with Htelog the respective norms are equivalent and the characterization given by Proposition
3.3 still holds true.



3.3 On log-Lipschitz and log-Zygmund functions

Let us now give the rigorous definitions of the modulus of continuity of funtions we are dealing
with, and state some of their properties.

Definition 3.7. A function f € L>(RY) is said to be log-Lipschitz, and we write f € LL(RN),
if the quantity

[fz+y) - @)

ez = sw o
zyeRN, [y|<1 \ |y| log (1 T m)

We define || fllzr == || fllz= + |f|LL-

Let us define also the space of log-Zygmund functions. We will give the general definition in
RY | even if the one dimensional case will be the only relevant one for our purposes.

Definition 3.8. A function g € L>°(R") is said to be log-Zygmund, and we write g € LZ(RY),
if the quantity

lg(x +y) + glx —y) — 2g9(x)|
|9’LZ = sup 1

< +00.

We define ||gl|zz = gllL= + |9]rz.

Remark 3.9. Let us immediately point out that, by monotonicity of logarithmic function, we
can replace the factor log (1 + 1/|y|) in previous definitions with log (1 4+ + 1/]y|), for all pa-
rameters v > 1. As paradifferential calculus with parameters will play a fundamental role in our
computations, it’s convenient to perform such a change, and so does also in hypothesis (9) and
(10) of section 2.

Let us give a characterization of the space LZ. Recall that the space of Zygmund functions is
actually BY, : following the same proof of this case (see e.g. [3]) one can prove next proposition.

Proposition 3.10. The space LZ(RY) coincides with the logarithmic Besov space B lo%g, i.e.

the space of tempered distributions u such that

(16) sup<2” v+1)7! ||Al,u|Loo> < +o00.
v>0

Proof. (i) Let us first consider a u € BL 2% and take  and y € RV, with |y| < 1. For all fixed
n € N we can write:

w@+y) +ule—y) —2u(z) = Y (Apule+y)+ Agu(z —y) — 20u(w)) +
k<n
+ ) (Agu(z +y) + Agu(z — y) — 284u(z)) .
k>n

First, we take advantage of the Taylor’s formula up to second order to handle the former
terms; then, we use property (16). Hence we get

u(e +y) +ulz —y) = 2u(@)] < ClyP ) [[VAul e + 4D 1Akl

k<n k>n
< ClWPY 28(k+1) + ) 2%k +1)
k<n k>n

< Cn+1)(jyP2" +27").

Now, as |y| < 1, the choice n = 1 + [log, (1/|y|)] (where with [0] we mean the greatest
positive integer less than or equal to o) completes the proof of the first part.



i) Now, given a log-Zygmund function u, we want to estimate the norm of its localize
ii) N i log-7. d functi t to estimate the L™ f its localized
part Agu.

Let us recall that applying the operator Ay is the same of the convolution with the inverse
Fourier transform of the function ¢(27%.), which we call hy(z) = 28V h(2%.), where we set
h= .7-"6_1(@). As ¢ is an even function, so does h; moreover we have

/ h(z) dz = / FoU)(=) dz = (€)jem = 0.

Therefore, we can write:
Apuz) = 2N1 / h(2*y) (u(x +y) + ule —y) — 2u(x)) dy.

and noting that o — o log (1 + 7+ 1/0) is increasing completes the proof of the second
part.
O

From definitions 3.7 and 3.8, it’s obvious that LL(RY) « LZ(RY): Proposition 3.3 of [8]
explains this property in terms of dyadic decomposition.

Proposition 3.11. There exisls a constant C such that, for all a € LL(RY) and all integers

k >0, we have
(17) 1Aall e < C(k+1)27" la]zz -

Moreover, for all k € N we have

(18) la = Skall e
(19) [Skallgoa

C(k+1)27" la e

<
< Ck+1Dlalre-

Remark 3.12. Note that, again from Proposition 3.3 of [8], property (19) is a characterization
of the space LL.

Using dyadic characterization of the space LZ and arguing as for proving Proposition 3.10,
we can establish the following property. For our purposes, it’s enough to consider a log-Zygmund
function a depending only on the time variable ¢, but the same reasoning holds also in higher
dimensions.

Lemma 3.13. For all a € LZ(R), there exists a constant C, depending only on the LZ norm of
a, such that, for all v > 1 and all 0 < |7| < 1 one has

1
(20) sup |a(t + 1) — a(t)] < C|7| log? <1+’y—|—> :
teR 7]
Proof. As done in proving Proposition 3.10, for all n € N we can write
a(t+7)—a(t) = > (Apa(t+7) — Aga(t)) + > (Aga(t+7) — Aga(t)) |
k<n k>n

where, obviously, the localization in frequencies is done with respect to the time variable. For the
former terms we use the mean value theorem, while for the latter ones we use characterization
(17); hence, we get

la(t + 1) — a(t)]

IN

Tl +2) (| Akal
Lee k>n

d
];LHthka

IN

C | n?|r| + 22_]%

k>n

10



The series in the right-hand side of the previous inequality can be bounded, up to a multiplicative
constant, by 27"n; therefore

lat+71)—at) < Cn(n|r| +27"),
and the choice n =1+ [log,(1/|7|)] completes the proof. O

Now, given a log-Zygmund function a(t), we can regularize it by convolution. So, take an even
function p € C§°(Ry), 0 < p < 1, whose support is contained in the interval [—1, 1] and such that
J p(t)dt =1, and define the mollifier kernel

pelt) = p(t> veelo,].

3

We smooth out the function a setting, for all € €]0, 1],

(21) a:(t) = (pe * a)(t) = / pe(t — s)a(s)ds.

s

The following proposition holds.

Proposition 3.14. Let a be a log-Zygmund function. There exist constants C' such that, for all
v > 1, one has

1

(22) )~ a] = Claluz g (1474 2)
1

(29) a0l < Claluztog(144+1)
) 1 1

(24) |8ta5(t)‘ < CHCLHLZglOg 1+7+g .

Proof. For first and third inequalities, the proof is the same as in [7]. We have to pay attention
only to (23). As p’ has null integral, the relation

Orac(t) = 1 /5<5 0 (f) (a(t —s) —a(t))ds

g2 €

holds, and hence, taking advantage of (20), it implies
C

1
|0rae(t)| < 2/ o (fﬂ |s| log?( 14+~ 4+ — | ds.
€% Js|<e € ]

Observing that the function o +— olog?(1 + v + 1/0) is increasing in the interval [0, 1], and so
does in [0, €], allows us to complete the proof. O

3.4 Low regularity symbols and calculus

For the analysis of our strictly hyperbolic problem, it’s important to pass from LZ;— LL, functions
to more general symbols in variables (¢, x,£) which have this same regularity in ¢ and x.

We want to investigate properties of these symbols and of the associated operators. For
reasons which will appear clear in the sequel, we will have to take advantage not of the classical
paradifferential calculus, but of the calculus with parameters. Therefore, we will allow the symbols
to depend also on a parameter v > 1.

We point out that in our calculus the time can be treated as an additional parameter, while
& represents, as usual, the dual variable to x.

Let us start with a definition (see also [14, Def. B.4]).

11



Definition 3.15. A symbol of order m + 6log (for m,d € R) is a function a(t,z,&,~y) which is
locally bounded on [0, Tp] x RY x RY x [1, +00], of class C* with respect to £ and which satisfy
the following property: for all & € NV, there exists a constant C,, > 0 such that

(25) |02alt,z,€,7)| < Ca (v + €)™ log® (1 + 7 + )
for all (¢,z,&,7).

So, take a symbol a(t,z,&,v) of order m > 0, which is log-Zygmund in ¢ and log-Lipschitz in
x, uniformly with respect to the other variables. Now we smooth a out with respect to time, as
done in (21). Next lemma provides us some estimates on classical symbols associated to a. and
its time derivatives.

Lemma 3.16. The classical symbols associated to a. and its time derivatives satisfy:

|080a,] < Caly+ g™l
00080, < Caa(y+[e)m 1A 10g (144 + [¢])
m—|x 1
08000 | < Caly+1E)™ log2(1+v+5)

M| =

P0800a.| < Cpa (v+ €)™ 1P log (1 44 4 1¢))

o8] < Colr i)™ o o140+ 1)

_ _ 1
08050 | < Coa (v 16" log (Lt +1€]) 5

where all the constants which occur here don’t depend on the parameter .

Proof. The first inequality is a quite easy computation.
For the second one, we have to observe that

So, we have
aigas - /a’LG(y)f) ((Ig(t,SU _y7§77) - aE(tw/BaéurY)) dy7

and from this, remembering lemma 3.5, we get the final control.

The third estimate immediately follows from the hypothesis on a and from (23).

Moreover, in the case of space derivatives, we can take advantage once again of the fact that
0;G has null integral:

I / 0G(x — ,€) Dyac(t, y, €, 7) dy

= /nggp< ></ 9:G(y,§) (wy,i,v)a(S,x,E,v))dy>dS-

Hence, the estimate follows from the log-Lipschitz continuity hypothesis and from inequality (15).
About the d?a. term, the first estimate comes from (24), while for the second one we argue
as before:

0i0g2,, = /@G(ﬂc—y,§>3t2aa(t,y,§,7)dy

t—s

1 /!
= [ee oz ([ 0(27) @enen —asnemas)a

= i R p// <t_8> ( RN 8ZG(y7§) (a(s,x—y,f,fy) —G(S,$,§7’y))dy> d37

g3 €

12



and the thesis follows again from log-Lipschitz continuity and from (15). O

Note that first and second inequalities are satisfied also by the symbol a (not smoothed in
time).

Now let us quote some basic facts on symbolic calculus, which follow from previous lemma.
Before doing this, we recall a definition (see also |14, Def. B.§]).

Definition 3.17. We say that an operator P is of order m + Jlog if, for every (s,a) € R? and

H’i—&—alog into H’(Ys—m)—I—(oe—zS) log

every v > 1, P maps continuously.

Proposition 3.18. (i) Let a be a symbol of order m which is L in the x variable. Then T,
s+alog into Hsferalog
5 .

s of order m, i.e. it maps H

(1) Let us take two symbols a, b of order m and m’' respectively. Suppose that a, b are LL in the
x variable. The composition of the associated operators can be approximated by the symbol
associated to the product of these symbols, up to a remainder term:

TooTy =Ty + R.

R has order m +m/ — 1 — log: it maps H,‘;Jra o8 nto H,‘;_m_nll+1+(a+1)log,
(iii) Let a be a symbol of order m which is LL in the x variable. The adjoint (over L?) operator
of Ty is, up to a remainder operator, Tg. The remainder operator is of order m — 1 + log,

: . —m+1 D1
and it maps HiJra o8 into Hf; mt1t(at1)log

Let us end this subsection stating a basic positivity estimate. In this situation, paradifferential
calculus with parameters comes into play.

Proposition 3.19. Let a(t,z,&,7y) be a symbol of order m, which is LL in the x variable and
such that

Re a(t,z,&7) > do (v +1ED™

Then, there exists a constant \1, depending only on |a|rr, and on Ay (so not on v), such that,
for v large enough, one has

Re (Tou,w) 2myy 2 A1 HuHZm/Q'
s

Proof. The result is an immediate consequence of Theorem B.18 of [14], together with Proposition
3.18 about the remainder for composition and adjoint operators. O

Remark 3.20. Let us note the following fact, which comes again from Theorem B.18 of [14]. If
the positive symbol a has low regularity in time and we smooth it out by convolution with respect
to this variable, we obtain a family (a.). of positive symbols, with same constant Ag. Now, all
the paradifferential operators associated to these symbols will be positive operators, uniformly in
e: i.e. the constant A1 of the previous inequality can be chosen independently of €.

Let us observe that previous proposition generalizes Corollary 3.12 of [9] (stated for the para-
product by a positive LL function) to the more general case of a paradifferential operator related
to a strictly positive symbol of order m.

Finally, thanks to Theorem B.17 of [14] about the remainder operator for the adjoint, we have
the following corollary, which turns out to be fundamental in our energy estimates.

Corollary 3.21. Let a be a positive symbol of order 1 and suppose that a is LL in the x variable.
Then there exists v > 1, depending only on the symbol a, such that

ITatulys ~ llull

for all u € H%(RN),
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4 Proof of the energy estimate for L

Finally, we are able to tackle the proof of Theorem 2.1. We argue in a standard way: we prove
energy estimates, for some suitable energy associated to a solution of equation (7).

The key idea to the proof is to split the total energy into localized components e,, each one
of them associated to the dyadic block A,u, and then to put all these pieces together (see also
[8] and [7]). Let us see the proof into details.

4.1 Approximate and total energy

Let us first regularize coefficients a;; in the time variable by convolution, as done in (21), and let
us define the 0-th order symbol

1/2

ac(t,2,6) == (P + 1) [+ Y age(t2) &

i?j

We take ¢ = 27" (see also [8] and [7]), and (for notation convenience) we will miss out the .
Before going on, let us fix a real number v > 1, which will depend only on Ay and on the
sup; ; |aij|; , such that (see Corollary 3.21)

Ao
26)  Tprpwly 2 3 el and

Ao
Iy [[wll

Tosssyssigey )

for all w € H*. Let us remark that the choice of v is equivalent to the choice of the parameter
win (13) (see Remark 3.6): hence, from now on we will consider paraproducts starting from this
i, according to definition (13), even if we will omit it in the notations.

Consider in (7) a function u € C2([0, Tp]; H>®). We want to get energy estimates for u. We
rewrite the equation using paraproduct operators by the coefficients a;;:

8,52’& = Z 0; (aij Oju) + Lu = Z 0; (Taijaju) + E’LL,

1,5 2

where Lu = Lu + Z” 0; ((aij — Taij)aju). Let us apply operator A,: we get

(27) 0wy, =0 (Tu, Ojun) + > 0i ([Ay, Ta)] 0ju) + (Lu),,
i,j .3

where u, = Apu, (Eu)l, = A,,(Eu) and [AV,T%} is the commutator between A, and the para-
multiplication by a;;.
Now, we set

vt x) = Ty 0w — T, 172y Uy
wy(t,z) = Ta1/2(72+\§|2)1/2 Uy
2u(t,x) = wuy

and we define the approximate energy associated to the v-th component of u (as done in [7]):
2 2 2
(28) e(t) = flou(Ollz2 + llwo (D2 + 2o @Ol7z -

Remark 4.1. Note that ||w, (t)||32 ~ ||[Vuy|72 ~ 22 ||uv||? 2, thanks to hypothesis (8) and the

choice of the frequency p from which the paraproduct starts, recall also (26).
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Now, we fix a # €]0,1[, as required in hypothesis, and we take a 5 > 0 to be chosen later; we
can define the total energy associated to the solution u to be the quantity

(29) E(t) =) e 2P0ig=20c (1),
v>0

It’s not difficult to prove (see also inequality (33) below) that there exist constants Cyp and
Cjp, depending only on the fixed 6, for which one has:

(30) (B(0))"/?
(31) (B(t)"?
where we have set 8* = 3 (log2) '

Co ([10cu(0)[ g—o + [1w(0)]| fr-0+1)

< (Cy
> Cp (10u(t) || gr—o-s+e + llu(t)llf—o+1-5+)

4.2 Time derivative of the approximate energy

Let’s find an estimate on the time derivative of the energy. We start analysing each term of (28).

4.2.1 z, term

For the third term we have:

d
(32) Zlz @l = 2Re (u,, du) o -

Now, we have to control the term Oyu,: using positivity of operator T, —1/2, we get

(33) ol < C I Tpedulis < C(Iollie + |Tyyaoroyw

) < CO(e)? .

So, we find the estimate:

(34) Slal < Cal).

4.2.2 v, term
Straightforward computations show that
Otvl,(t,x) = Ta_1/28t2ul, — Tatz(a_1/2)u,,.

Therefore, keeping in mind relation (27), we get:

d
(35) 200} = —2Re (v, Toparayw) |, + 2 Re (v, Tyerod; (Tay, ) 1o +
1,

—i—ZZRe (UV, Ta_1/28i [Ay,Taij] 8ju)L2 +
(2]

+2Re (v,, s —1y2 (Zu)y >L2 .

Obviously, we have

(36) (2 Re (vy, T, 1 (Eu)y)y

while from Lemma 3.16 one immediately recovers

Y

L2

< 0| (3n)

(37) ‘2Re (v,,, TatQ(a—l/Q)UV)

IN

1\ 1
= Cl o149+ 2) il

< Cw+1)e,,

where we have used the fact that ¢ = 27". The other two terms of (35) will be treated later.
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4.2.3 w, term

We now derive w, with respect to the time variable: thanks to a broad use of symbolic calculus,
we get the following sequence of equalities:

d

(38)dt

Hw””2L2 = 2Re (Tat(al/Q)(ﬁHﬂ?)l/QUua wy)LQ + 2Re (Ta1/2(72+‘§|2)1/28t%/; wu)

L2

= 2Re (Ta('yQJr\£|2)1/2T78t(a*1/2)u”’ wV)LQ + 2Re (Riuy, wy) 2 +
+2Re (Ta(,y2+‘£|2)1/2Ta—1/2atuu7 wu) 12 + 2Re (R28tuy7 wy)Lz

= 92Re (v,j, Ta(,}/2+‘£|2)1/2wy)L2 + 2Re (v, , Rswy) 2 +
+2Re (Riuy, wy)2 + 2Re (Ro0puy, , wy) 2
= 2Re (1}1,, Ta*1/2Ta3/2(72+\§|2)1/2wV>L2 + 2Re (UV7 R4wu)L2 +
+2Re (v, , Rswy) 2 + 2Re (Riuy, wy) 2 + 2Re (R20puy, , wy) 2
= 2Re (Uy, Ta—1/2T02(72+|§|2)UV)L2 +
+2Re (vy, Ty-1/2R5uy) ;2 + 2Re (v, Rywy )2 +
+2Re (vy, R3wy) ;2 + 2Re (Riuy , wy) 2 + 2Re (R20iuy , wy) 2

The important issue is that remainders can be controlled in terms of the approximate energy.
As a matter of facts, taking advantage of Proposition 3.18 and Lemma 3.16, we get the following
estimates.

e R; has principal symbol equal to d¢ (a(v* + 1€12)Y/2) 9,0,(a™1/?), s0

(39) |2Re (Riuy, wy);2] < C(v+1)e,

e The principal symbol of Rj is instead 0 (a(v% + [¢] )1/2) (e~ /2), s0, remembering also
the control on ||Oyu, |12, we have:

(40) 2Re (Rodyuy , w,) 2| < Cv (e)? w2 < C(v+1)e,

e Symbolic calculus tells us that the principal part of Rs is given by 9¢0, (a(v* + ]5\2)1/2),
therefore
(41) 12Re (vy, R3wy) 2| < Clloylpzvwy|e < C(v+1)e,

e Now, R4 has O (oz_l/Q) Oy (a3/2(72 + \§|2)1/2) as principal symbol, so

(42) 2Re (v, , Raw,) 2| < Cllvllzz v llwollze < C(v+1)e,

e Finally, R5 is given, at the higher order, by the product of symbols O (a3/2(72 + |§|2)1/2)
and 9, (a'/2(y% +|¢%)1/2), and so we get

(43) 12Re (vy, Tpy1p0R5u) 2| < Cllgll22vulle < Cv+1)e,

4.2.4 Principal part of the operator L

Now, thanks to previous computations, it’s natural to pair up the second term of (35) with the
first one of the last equality of (38). As a is a symbol of order 0, we have

2Re | v, , a —1/2 Za %8 U,/ + 2Re (Ul,, Ta*1/2Ta2(72+|£\2)uV)

L2

2| < Cllovllz2 1]z,
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where we have set
(44) G = Toepepepytn + 30 (Ta, Oju) = > To eieovinptiy + 0 (Tuy, Ojus)
,J ij
We remark that
i (Taij 8jul/) = Taiaijaju’/ - Tllijﬁiﬁjum

where, with a little abuse of notation, we have written J;a;; meaning that we are taking the
derivative of the classical symbol associated to a;;.
First of all, we have that

(45) | Toyar, 05| o < 1SuBraillnoe 1Suradiunlize + D [VSk-saijll e |A:Vuy|l 2

k>p+3
< C(p+1) (SUP||aij||LLx> [V, |2 +
Z7]
+ > (k+1) (supllaz'jllLLx> VAUl 12
E>p+3, kv J
<

C,(v+1) (SUPH%]'HLLz) (e,,)l/2 )

Z7]

where p is the parameter fixed in (13) and we have also used (19). Next, we have to control the
term

Taij,eﬁiﬁj-WQUV = Tajee,un = T(aij,a*aij)figjul’ + T2uy

It’s easy to see that

1
HT(aij,faij)&éju” . = Celog (1 + 5) 2" [Vuy |2,
and so, keeping in mind that e =277,

< Cy(w+1)(e)?.

(46) HT(U«ij,E*aij)gigj‘i"ﬂuV

L2

Therefore, from (45) and (46) we finally get

(47) 2Re | v,, Ta71/2 Z 0; (Ta 8ju,,) + 2Re (’Ul,, Ta71/2T042('Y2+|£‘2)uV)L2 <C (V+ 1) €y,
’i,j L2

ij

where the constant C' depends on the log-Lipschitz norm (with respect to space) of the coefficients
a;; and on the fixed parameters p and ~.

To sum up, from inequalities (34), (36), (37) and (47) and from estimates of remainder terms
(39)-(43), we can conclude that

(18) el < Getal) + G @) () ol

+

dt L2

—+ QZRQ ('UV, Tafl/Qai [AljaTaij] 8ju)L2
(2
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4.3 Commutator term

We want to estimate the quantity
> Re (vy, Tp120: [Ay, Ty] Oju)
,J
We start remarking that
“+00
[Am Taij]w = [Allu Suaij]su—i-Qw + Z [Allu Sk—3aij] Ajw,
k=p+3
where p is fixed, as usual (see Remark 3.6). In fact A, and Ay commute, so that
Ay (SuaijSurow) — Spaii(Sur2Apw) = Ay (SuaijSuraw) — SpaijAy(Su+2w),
and similarly
Ay(Sk73aijAkw) - SkfgaijAk(Ayw) = AV(Sk,gaijAkw) - Sk,gaijAy(Akw).
Consequently, taking into account also that Siio and Ay commute with J;, we have
+o00
0; ([Ay, Ty 05u) = 05 (A, Suaij] 9(Sur2u)) + 0 | D [Ay, Sksaij] 95(Agu)
k=p+3
Let’s consider first the term
0; ([Av, Spaij] 05(Sut2u)) -

Looking at the support of the Fourier transform of [A,,S,a;;]0;(S,+2u), we have that it is
contained in {|¢| < 2¢71} and moreover [A,, S aij] 9;(S,+2u) is identically 0 if v > p + 5. From
Bernstein’s inequality and [5, Th. 35| we have that

10: ([Av, Suaij] 9;(Suvau))l 2 < Cp <SupHaz‘jHLLz> 1Syt2ull 2 ,
Z?]
hence, putting all these facts together, we have

+o0
(49) Z e—25(u+1)t 2—21/9 Z 2Re <UV s Ta—1/2 81 ([Ay, Suaij]ﬁj(SMgu) )) , <
v=0 ij L

IN

putd pt2
Cy (SUP ’ainLLz> > e 2D =2 g | 1o <Z HuhHL2>
2747

v=0 h=0

pt+4
<C, (Sup HainLLw> P ut5)T o(p+4)0 Z e—B(V+1)t2—V9HUVHL2 .
v=0

Z?J
pt4
. Z efﬁ(thl)t 27h9HuhHL2
h=0
pt4
< CM (Sup ||ainLLz> eB(,quS)T 2(u+4)9 Z 6725(u+1)t 2721/06,/(7&) )
7'7.] l/:0
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Next, let’s consider
+oo

0; Z [Ay, Sk—3ai;] 0;(Aru)
k=p+3

Looking at the support of the Fourier transform, it is possible to see that

[Av, Sk—3ai5] 0;(Agu)
is identically 0 if |k — v| > 3. Consequently the sum over k is reduced to at most 5 terms:
0i([Av, Sy—saij] 0;(Ap—au)) + -+ 4+ 0i([Ay, Sy—1a45] 0;(Av42u)), each of them having the sup-
port of the Fourier transform contained in {|¢| < 2¥*!}. Let’s consider one of these terms,

e.g. 0i([Ay, Sv—3ai;] 0j(Ayu)), the computation for the other ones being similar. We have, from
Bernstein’s inequality,

10: ([Av, Sy—3ais] 0(Avu))ll 2 < C27[[[Ay, Sy—3ai;] 05(Apu)| 2 -
On the other hand, using [5, Th. 35| again, we have:
Ay, Sy—3ai;]0;(Avu)|| 2 < C VS, _zallLe [[Avullrz

where C' does not depend on v. Consequently, using also (19), we deduce

l’]

10i ([A, Sy—3ai;] 0 (Avu))|| 2 < C27 (v + 1) (S}lpllaz’jllLLz) [Avul|z2 -

From this last inequality and similar ones for the other terms, we infer

“+o00
> Re vy, Tpo120i | D [Ay, Sksaij] 9 (Agu) <C (SUPHainLLZ> (v+1)ey(t)
i»j 2

k=p+3 L 2]
and then
+00 +oo
(50) > e 2P 20 N "9Re | vy, Tyo1205 | Y (A, Sksais] 95 (Agu) <
v=0 i k=p+3 L2

+oo
<C (Sup ”aij ||LLI> Z (y + 1) 6*25(V+1)t 2721/6’ eu(t) )

] v=0

Collecting the informations from (49) and (50), we finally obtain

+oo
(51) D e AN g2 N "9 Re (v, , Ty1/20i [Ay, Tayy | Oju) 0| <
v=0 i
+0o0
< CS Z (l/ + 1) 6—26(1/+1)t 2—21/9 6,,(75),
v=0

where C3 depends on y, sup; ; ||laij||LL,, on 6 and on the product 37T
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4.4 Final estimate

From (48) and (51) we get

+oo
dE( ) < (CL+Cs—28)> (v+1)e?ig=20e (1) 4
dt ~

+Ch io e 20D =20 ()2 || (Tu(t))

v=0
+oo
< (C1+ Gy = 20) Y (v 1) e PO () 4
v=0

+C2Ze B0t g2 (e, ()2 | [ Y 0; ((aij — Ta,, ) 05u) +

vIlL2

L2

+oo
+Cy Y e P (e, (1)1 | (Lu(®)y ] -
v=0

Now, applying Hoélder inequality for series implies

+00
> e 220 (e, ()2 | (D70 ((aij — Ty, )05u) =
v=0 0

vIlL2

+o00 1/2
< (Z(V+1) 2B(v+1)t 9—2v0 I/(t)> .

v=0
1/2

2
(Z e 2Bt g=20 (1, 4 1)~ (Z@ (aij — aw)@-u)) )
v=0

vIIL2
and, by definition, one has

2\ 1/2
+oo
Z e 2B+t 9—2v0 (v+1)7! Z 0; ((aij T,,,)0; u) =
v=0 0] vilL2

Zai ((aij a”)a u)
.3

H*O*B*tfélog
From [9, Prop. 3.4] we have that

(52) > 0i ((aij — Tay;)05u) <C <SHP ||az'j||LLm> K
i s~ L log b
with C uniformly bounded for s in a compact set of |0, 1[. Consequently,
2\ /2

+00

26725(1/+1)t 2721/9 (V + 1)71 Zaz ((aij az])a u) <

v=0 J vIlL2

<C (WPH%‘HL%) ||u||Hl—G—B*t+%log
i,

IN

+o00 1/2
C (Z(V + 1) 6—2B(V+1)t 2—21/6' ey@)) ’

v=0
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and finally

+0o0
Z 6—26(1/+1)t 2—21/9 (ey(t))l/Q Z 0; ((Gij — Taij)aju) <
v=0 1, vIlL2
“+o00
< O S (w+1)e POt g0 )
v=0

with Cy uniformly bounded for 5*t 4 6 in a compact set of |0, 1[. So, if we take 5 > 0 (recall that
B* = B(log2)~1) and T €]0, Tp] such that

(53) BT =6 < 1-86,

we have 0 < 0 < 0+ 5%t <0+ < 1. Therefore we obtain

d =
ZE@l) < (G +CiCh + Cs - 28) Y (v+1)e P00 (1) 4
v=0

+o0o
+C2 Ze—zﬁ(V-‘rl)t 2—2V9 (ey(t))l/Q H(Lu(t))VHLQ )
v=0

Now we fix 3 large enough, such that Cy + Cy Cy + C5— 25 < 0: this corresponds to take T > 0
small enough in (53). Therefore we finally arrive to the estimate

d
ZE() < Co (BW)"? | Zu(t)| g-o-50c ;
applying Gronwall’s Lemma and keeping in mind (30) and (31) give us estimate (11). O

Remark 4.2. Let us point out that condition (53) gives us a condition on the lifespan 7" of a
solution to the Cauchy problem for (7). It depends on 6 €10, 1[ and on $* > 0, hence on constants
C1...C4. Going after the guideline of the proof, one can see that, in the end, the time T depends
only on the index 6, on the parameter p defined by conditions (26), on constants A9 and Ag
defined by (8) and on the quantities sup; ; ai;|; , and sup, ; [a;;];
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