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1. Introduction

In this note we study the Cauchy problem
{ M(t, D¢, Dy)u(t,x) =0, (t,x) €, T+8) xR,

J ; (1.1)
Diu(to, x) = gj(x), j=0,...,m—1,

where tg € (8, T + 8), the equation

M(t, Dy, Dyyu=D{'u— " ay;(t)D] ' Dyu=0
1<jsm,
i<
is hyperbolic with t-dependent coefficients, analytic in the principal part, and continuous in the lower order terms.
Equations of the form (1.1) have been extensively studied in the literature. If Eq. (1.1) is strictly hyperbolic and its
coefficients are in the Hélder class, a, j € C%, 0 <o < 1, it was shown by the authors in [5, Remark 8] that the Cauchy
problem (1.1) is well-posed in Gevrey classes G°(R") provided that 1<s <1+ & (if « =1, it is sufficient to assume
the Lipschitz continuity of coefficients to get the well-posedness in G* for all s > 1). This extended to the general setting
the results for certain second order equations by Colombini, de Giorgi and Spagnolo [1] who have also shown that the
Gevrey index above is sharp. A result for differential systems was proved in [7]. We also refer to [5, Remark 16] for the
Gevrey-Beurling ultradistributional well-posedness for 1 <s <1+ 1%;.

Equations with higher regularity a, j € ck and lower order terms have been considered by Kinoshita and Spagnolo in [11]
and by the authors in [6] in the Gevrey classes, yielding also the well-posedness in C* in the case when the coefficients
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ay,j of the principal part, |v| = j, are analytic. There are also previous works on second and higher order equations using
the quasisymmetrisers, see e.g. [4]. In [6], the assumptions on (1.1) have been formulated in terms of the characteristic roots
while the Levi conditions on lower order terms can be expressed in terms of the coefficients of the operator M. In addition,
the quasisymmetriser has been used in [6] while here we use the symmetriser. We refer to [5] and [6] for a review of the
existing literature for this problem.

Recently, Jannelli and Taglialatela [10] treated Eq. (1.1) with analytic coefficients, without lower order terms, proving
the C* well-posedness under assumptions that can be expressed entirely in terms of the coefficients of the operator M.
The purpose of this note is to show how to extend this to include lower order terms with Levi conditions still formulated
in terms of the coefficients of M. This will be achieved in this paper by doing a different reduction of (1.1) to the first
order system which will allow us to include the lower order terms in the energy. Indeed, in the case of the homogeneous
operators, the reduction used in [10], analogous to the one used by Colombini and Kinoshita in [2], was done to a system
which is homogeneous of order one in &. Such a reduction cannot be used in the present context because the lower order
terms introduce singularities in the symbols at & = 0. Instead, by employing a reduction to a pseudo-differential system, also
used in [5], we are able to avoid such singularities. Thus, the analysis in this note is based on a reduction from [5] combined
with a number of results from [10], with a subsequent treatment of lower order terms in the energy under Levi conditions
introduced below. An interesting feature is that the C* well-posedness holds for analytic coefficients in the principal part
and lower order terms which are only continuous. We also give a result for bounded (and possibly discontinuous) lower
order terms.

Our main point in this note is to demonstrate that by applying a different reduction to a system one can handle lower
order terms in the energy estimates. For specific equations (e.g. second order equations) this result can be improved by
other methods, but this lies outside our scope here.

In [1], Colombini, de Giorgi and Spagnolo, and in [3], Colombini and Spagnolo gave examples of second order equations
with time-dependent coefficients which are not distributionally well-posed. In this paper, we also prove the distributional
well-posedness of (1.1) in our setting.

In Section 2 we introduce the notations and recall the results of [10]. In Section 3 we give our results. In Section 4 we
give the proofs, and in Section 5 we analyse the meaning of the assumptions on both the principal part and lower order
terms, and compare the obtained results with those in [6].

2. Preliminaries

We begin by recalling the theorem proved in [10] for the Cauchy problem

L(t, 3, ox)u(t,x) =0, for(t,x) e (5,T +68) x R", 21)
3 u(to, x) = gj(x), forxeR", j=0,...,m—1, )
where tg € (8, T +8), and
Lt o du(t. ) =o' ut. ) — > ay ;0" o ut.x)
1<j<m,vl=j
is homogeneous of order m. This requires some preliminary notions which are collected in the sequel. Let
Pt,T,8)=1t"— Y a0 T =" =) hjt, &g
1<jsm, lv|=j j=1
be the symbol of i~™L. This is also the principal symbol of M in (1.1). Let
0 1 o ... 0
0 0 1 ... 0
Aolt,§) = B | (2.2)
hm hm—1 ... ... M

be the companion matrix of P(t, t,&/|&]). By construction the matrix Ag(t, &) is homogeneous of oder zero in &, and the
eigenvalues of Ag(t, £)|&| are the characteristic roots 71 (t, £), ..., Tm(t, &) of P(t, T, &).

For the moment let us fix t € (6, T +§) and & so that P is a polynomial in T with constant coefficients. In [8] Jannelli
constructed a real symmetric m x m matrix Q which is weakly positive definite if and only if P is weakly hyperbolic. This
Q is called the standard symmetriser of P. Note that the entries of Q are fixed polynomials functions of h1, ..., h;; such that

QAo —A5Q =0 (2.3)

and

detQ= [] (—-w?

1<k<j<m
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Let Q; be the principal j x j minor of Q obtained by removing the first m — j rows and columns of Q and let Aj its
determinant. When j =m we use the notations Q and A instead of Qn and Ay,. The hyperbolicity of P can be seen at the
level of the symmetriser Q and of its minors as stated in the following proposition (see [9]).

Proposition 2.1.

(i) P is strictly hyperbolicif and only if Aj > 0 forall j=1,...,m.
(ii) P is weakly hyperbolic if and only if there exists r < m such that

A=Ay 1=--=A7Ary1=0

and Ar > 0, ..., A1 > 0. (In this case there are exactly r distinct roots.)

Clearly, when t and & vary in (8, T +8) and R", respectively, A; becomes a function A,(t,&) homogeneous of degree 0
in £ and analytic in t. When A; is not identically zero one can define the function

(@A, 6))?
Ar(t, §)
which is homogeneous of degree 0 in & as well, analytic on the interval (3, T + ). In addition, the following property holds

for A and A: if t = A(t, &) vanishes of order 2k at a point t’ then t — A(t, &) vanishes of order 2k — 2 at t’.

Note that estimating the quotient (3:Q V, V)/(QV, V) is equivalent to estimating the roots of the generalised Hamilton-
Cayley polynomial

Ar(t, £) = Ar(t. &) +

’

det(xQ — Q) =Y _d;()"™ (24)

j=0

of Q and 3;Q, where dy =detQ, d; = —9;(detQ), dm = (—1)"det(3;Q) and, if m > 2, d» = Ltrace(d;Q 8;(Q ©)), where
Q is the cofactor matrix of Q. We recall that the cofactor of Q is the matrix with entries q,.cj0 = (—1)i+fdij, where d;; is

the determinant of the submatrix obtained from Q by removing the i-th row and the j-th column. Finally, from the known
identity

di\* _dy
M=) —2-5,
1 m dO dO
valid for the roots A, j=1,...,m, of the generalised Hamilton-Cayley polynomial, we see that d, plays a fundamental role
when one wants to estimate (3;Q V,V)/(QV, V). We call

Y (t,§) :=da(t, §)

defined as above the check function of Q. Replacing Q with Q; in the definition of d; we define the check function v ;(t, §)
of Q;. Clearly, ¥;(t, &) is homogeneous of order zero in £. Note that when m =1 the check function v is set to be identically
zero. We are now ready to state the C*>° well-posedness theorem of Jannelli and Taglialatela given in [10].

Since the purpose of this note is to describe the possibility of adding lower order terms to L we will avoid long techni-
calities and will focus on the non-degenerate case, i.e., the case with A(-, &) #£ 0 is not identically zero in (8, T + §).

We skip the treatment of the Cauchy problem (2.1) in the degenerate case since it is lengthy but remark that the analysis
can be carried out in this case as well along the lines of the analysis of the general case in [G]. In the present context, it
would make use of A;(-,&) and the corresponding check function v (t, §), where r =r(&) is the greatest integer such that
Ar(-,€E)#0in (8, T 4 8). For more details on these for the case of homogeneous L, see Theorem 1 and Section 3 in [10].

Theorem 2.2. (See [10].) Let L(t, ¢, dx) asin(2.1) be a weakly hyperbolic homogeneous operator with analytic coefficients in (8, T +36).
Let P(t, T, &) be the characteristic polynomial and Ao(t, &) the companion matrix of P(t, T, £/|&]). Let Q (t, &) be its symmetriser and
¥ (t, &) the check function of Q (t, &). Let [a, b] C (8, T + 8). Assume that there exists a constant C > 0 independent of & such that

[y (t, &) < CA(L, &) (2.5)
holds for all t € [a, b]. Then, the Cauchy problem (2.1) is C*° well-posed in [a, b].

We can write condition (2.5) in a different way by introducing the set X(§) = {t1,...,tne): A(tj, &) =0} and the
function

2(t.8) = {I?J:(i)“—tﬂ ifE(E):{ﬁ,...,tN(g)},

if X&) =0.



4 C. Garetto, M. Ruzhansky /J. Math. Anal. Appl. 412 (2014) 1-14

Note that by the analyticity of A in t it follows that the function N(&) is locally bounded (see the proof of Lemma 5 in [G]).
Using again the fact that A(t, &) is analytic in t and homogeneous of order 0 in & one can prove that there exist constants
¢1 > 0 and c; > 0 independent of & such that

At &)  ~ A(t, &)
Clm <AL < CZm,

for all t € (8, T + &) and & # 0. Hence, (2.5) can be reformulated as follows: there exists a constant C > 0 independent of &
such that

Z2(t, 6| (t.£)| < CAL. &), (2.6)

for all t € [a, b] and & # 0. This extends to any space dimension the one-dimensional observation of Jannelli and Taglialatela
made in [10, p. 1000].

3. Results

We are now ready to study the Cauchy problem (1.1) or, in other words, to add lower order terms to the equation in (2.1).
First, we describe the reduction of (1.1) to a system since we will be making use of the symmetriser of the corresponding
companion matrix. We rewrite the equation

M(t, D¢, Dyu=D"u— Y a,;®D" /Dlu=0

1<jsm,
WI<]

as
Dfu(t,x)= Y ayj(ODf 'Dyut,x)+ Y ayj(©)D]DYu(t,x).

1<j<sm, 1<jsm,
vl=j wi<j—1

First of all we perform the standard reduction to a system of pseudo-differential equations as in [5] by setting
=Dy (D)™,

with [=1,...,m, where (Dy) is the pseudo-differential operator with symbol (¢) = (1 + IEIZ)%. This transformation makes
the mth-order equation above equivalent to the first order system

DU = A1(t, Dx)U + B(t, DU, (1)
where U is the column vector with entries u;, A1(t, Dx) has symbol matrix
o 1 0 ... O
o o 1 ... O
meH=®AacH=¢| |
a a ... ... 0Qm
where
ajt, &)=Y aum i ®OE"ET
[v|=m—j+1

and B(t, D) has symbol matrix

0O 0o O ... O
0O o 0 ... O
B.§) = T I
b1 by ... ... bp
with
bit.&)= Y aym_jp1(OE" (). (32)
[v|<m—j
The initial conditions D[u(to, x)=gj(x), j=0,...,m—1, are transformed into
wi(to, ) = (Dx)" g1 (%),
for I=1,...,m, and generate the column vector Up(x). In the following theorem we use functions v and A which have

been defined at the beginning of Section 2.



C. Garetto, M. Ruzhansky / J. Math. Anal. Appl. 412 (2014) 1-14 5

Theorem 3.1. Let M (t, D¢, Dy) as in (1.1) be a weakly hyperbolic operator with analytic coefficients in (8, T + §) in the principal part,
and lower order terms continuous in t. Let Q (t, &) = {qj;(t, 5)}?,1121 be the symmetriser of the matrix A(t, &) of the principal part,
A its determinant and  (t, &) its check function. Let A(-,&) #£0in (5, T +8) for all ¢ with |§| > 1 and let [a,b] C (8, T + §). Assume
that

(i) there exists a constant C1 > 0 such that

W (t.8)| < C1A(. £) (33)
holds for all t € [a, b] and |&]| > 1;
(ii) the Levi condition
|@imbj — bigjm) (£, £)| < c A(t, §) (3.4)

holds forall1 <i,j<m,tela,bland|§| > 1.
Then the Cauchy problem (1.1) is C* well-posed in [a, b] with initial data at to = a, and it is also well-posed in D' (R").

One of the features of this result is that we can allow lower order terms to be complex-valued. In Remark 4.6 we will
comment on a small simplification of the Levi conditions (ii) if the matrix B is real. In the case when lower order terms
are discontinuous but still bounded, we have the following counterpart of the result above. The proof is similar to that of
Theorem 4 in [6].

Theorem 3.2. Assume the conditions of Theorem 3.1, but instead of assuming that lower order terms are continuous, assume only that
they are bounded, i.e. that a, j € L*°((8, T 4 6)), for all |v| < j — 1 with 1 < j < m. Then the statement remains true for C° Cauchy
data provided that we replace the well-posedness conclusion u € C™([a, b]; C*°(R")) by

u e C"([a, b]; C*(R")) N W™ ([a, b]; C*(R")),

where W™ is the Sobolev space with m derivatives in L*°.

The same distributional conclusion as we had in Theorem 3.1 also holds in Theorem 3.2, with the solution

u e C"([a, b]; D' (R")) N W™([a, b]; D' (R")),
provided that the Cauchy data are all in D'(R").

4. Proofs

Note that the eigenvalues of the matrix A1 = (§)A(t,§) are the roots of the characteristic polynomial P(t,7,§) and
that the entries of the matrix A are related to the entries of the matrix Ap in (2.2) by the formula aj(r,g)<g>m—1+1 =
hm_j11(t, £)|&™~i+1, Applying the Fourier transform to the system (3.1) we obtain the system

DeV(t, &) = (§)A(t, )V (L, &) + B(t,E)V (L, &),
V(to.§) =Vo(4), (4.1)

where V = F,_,:U and Vo = Fyx_¢Up.

Note that by performing a reduction to a system of pseudo-differential equations the symmetriser Q (t, ¢), defined as in
[6, Section 3], is a matrix of 0-order symbols which can be expressed in terms of the rescaled roots 7;(t, £)(&)~1 (or eigen-
values of the matrix A). More precisely, the entries g;; of the symmetriser Q (t,£) are polynomials in 71 &7 )L
Making use of the concept of the Bezout matrix associated to the couple of polynomials (P, d;P) it is also possible to
express the entries of the symmetriser in terms of the coefficients hj, j=1, ..., m. For further details we refer the reader
to [10, p. 998]. We begin by proving some basic properties of the symmetriser which will be employed to prove the C*
well-posedness.

4.1. The symmetriser Q

It is useful to make a comparison between the symmetriser Q of the matrix A and the symmetriser Q¢ with homo-
geneous entries of order 0 employed by Jannelli and Taglialatela in [10]. These two matrices are both symmetric with
polynomial entries in 71(&)~', ..., (€)1 and 71]&|71, ..., Tm|&|”", respectively, as defined in [6, Section 3]. By construc-
tion, QA — A*Q =0 and
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AcH= [] meoHE ' -neoE )

1<i<j<m

=m0 T (5.6 - 1. ©)° = )M Dig MDAy (e, 6), (42)

1<i<j<m
where A and Ag are the determinants of Q and Qg, respectively, and Ag is expressed in terms of the 0-homogeneous
roots t;/|€|. The following lemma on symmetric positive semi-definite matrices will be in the sequel applied to Q.

Lemma 4.1. Let N(t) be any symmetric positive semi-definite matrix with bounded coefficients on an interval [a, b]. Then, there exist
two positive constants ¢, and ¢, depending only on the L°°-norm of the entries of N(t) such that

c1detNOIV P <(NOV, V)< |V
holds for all t € [a,b] and V € C™.

Since Q (t, &) is a positive semi-definite matrix with eigenvalues 1;(t, &), which satisfy symbol estimates of order 0 in &
and we can assume them ordered, i.e., A1 < Ay <--- < A, there exists a constant cg > 0 such that

0< M 8) <At §) < < Am(t, ) <o
holds for all t € [a, b] and & € R". It follows that when det Q (t, £) > 0 we can write

(QV, V)= |V = detQ(t, ) |V|2>detQ(t,g)

T (8 At ) e

It follows that Lemma 4.1 holds for the matrix Q (¢, &). More precisely,

145

Lemma 4.2. Let Q (t, &) be the symmetriser of the weakly hyperbolic matrix A(t, &) defined above. Then, there exist two positive
constants c1 and c; such that

c1det Q (t, £)|VI> <(Qt,6)V, V)< co VI
holds forallt € [a,b], € e R"and V € C™.
Let I be a closed interval in R. We recall (see also [10, pp. 1003-1004]) that if B(t) and C(t) are two real symmetric
m x m matrices, C(t) is nonnegative and det C(t) has only isolated zeros then

(B(OV, V)
(COV,V)

if and only if the roots A; of the generalised Hamilton-Cayley polynomial

eL®(Ix (C™\0)) (4.3)

det(AC(t) — B(t)) = Y _ dp()A™ "
h=0

of B(t) and C(t), are bounded functions of t. Since

m

dit) _dy(0)
A ()= L1~ 22
; i d2@ty do(t)

we conclude that (4.3) holds if and only if

B0 do)
d2@) do(t)

(4.4)
is bounded. We are now ready to prove the following lemma.

Lemma4.3. Let Q (t, &) be the symmetriser of the matrix A(t, &). Let A(t,&) =det Q (t, &), Z(t, E)Y=A(t, &)+ (0 AL, é))Z/A(t, &),
Y (t, &) the check function of Q (t, &). Let I be a closed interval of R. Then,

A(t,£) (3 Q (¢, 6V, V)
At &) (Qt,EV,V)

eL®(IxR"x C™\0) (4.5)
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if and only if

Y(t.8)
A(t, &)

eL®(I xR"). (4.6)
Proof. Since
det{ AQ — 93;Q 2) = Amdet)\ ZQ 0 Q
VX)) VR VA =)
by (2.4) and the definition of dgy, di and dy we get

h
A A A m A\ ?
det{ AQ — 9 =) =ANT — A=A =" 248 g <w> am=h
(Q tQ,/A> t,/A v hX:;hA

Applying (4.3) to B= BtQ\/g and C = Q we obtain that (4.5) holds if and only if

zm@

A

and

<
> ‘|>a>

are bounded functions on I x R" and there is no cancellation of unbounded terms in (4.4). Since

/A

oA z
A

we have that (4.5) is equivalent to (4.6). O

<C

4.2. A technical lemma about real analytic functions on a real interval

Recalling the relationship between A and Ag in (4.2) we can apply Proposition 4.1 in [10] to the determinant A(t, &) of
the symmetriser Q (t, ). This yields the following statement.

Proposition 4.4. Let A(t, &) be as above. Suppose that A(t, &) # 0. Then,

(i) there exists X C S"™™! such that A(t,£) 2 0in (8, T + 8) for any & € X and the set S"~1 \ X is negligible with respect to the
Hausdorff (n — 1)-measure;

(i) forany[a,b] C (8, T+36) thereexist c1,c2 > 0 and p, q € N such that forany &€ € X and any & € (0, e~1] there exists Age Cla,b]
such that:
- Ag ¢ is a union of at most p disjoint intervals,
- M(Age) <6,
- MiNefa ppac, A, §) =182 AC, &)L (ab)

/ Mdthzlogl
A(t, &) &

te[a,b]\Ag ¢

Proposition 4.4 provides a partition of the interval [a, b] which is crucial in the proof of the C*° well-posedness in the
next subsection.

4.3. C* well-posedness of the Cauchy problem (1.1)

To prove the C* well-posedness of the Cauchy problem (1.1) in the form (4.1) we make use of the energy

[V (t, &)|? fort € Ag/j¢,c and £/|€| € X,

E(t, &) =
5 {<Q(t,$)v(t,$),v(t,$)) fort € [a,b] \ Ag/je|.c and §/|E] € X,
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defined for t € [a,b], &£ € R" with £/|£| € X, and & € (0,e~]. Note that A(t,£) > 0 when t € [a,b] \ Agjee and /16| € X,
and [a, b] \ Ag/¢),¢ is a finite union of at most p closed intervals [c;, d;]. The set Ag/¢| . is a finite union of open intervals
whose total length does not exceed . We now distinguish between Kovalevskian energy and hyperbolic energy.

4.3.1. The Kovalevskian energy
Let t € [t',t"] C Agje), and /|| € X. Hence

OE(t, ) =2Re(V (t,§), 3V (t, §))
=2Re(V (£, &), I(E)A(t, E)V (. &) +iB(t, §)V (¢, §)) < 2(ca(&) + cB)E(t, &).

By Gronwall's Lemma on [t, t”] we get

}V(t, z’;-)| < e(CA<E>+CB)(t—t/) V(tl, §)| < CeC<§>(f—I/)|V(t/’ z;-)| (4.7)

4.3.2. The hyperbolic energy
Let us work on any subinterval [c;, d;] of [a, b]\ Ag/jz).e. Assuming &/|€| € X, we have that A(t,&) > 0 on [c;, d;]. Under
the hypothesis (2.5) using (2.3), Lemma 4.3 and Lemma 4.2, we have that

HE(t. &) =(0:Q(t.E)V (L), V(L. §))
H(QUE OV (E,8), V(E.E))+(QE OV, E), V(L))
Q. OV, ), V(L.E) . .
= CIOGTAT E(t,&) +(Q(t, &)(i(5)A(t, &) +iB(t,£))V(t,£), V(t,£))
+(Q . &V (&), (i(E)A(t. &) +iB(t, §))V (L, £))

= OQEEVED. VOEN ¢ o) 1 i(Qr.6)B(t. &) — Bt £)QE. OV (L. £). V(¢.£))

(QE, 5V, V)
Z(t’S)E B B* 1% 1%
SYace €. &) +|((Q(t, £)B(t, &) — B*(t,£)Q(t, £))V (L, §), V(t, §))|.
At this point it is clear that if we have Levi conditions on the matrix B such that
[((Q(t,&)B(t,§) — B*(t,§)Qt, §)V (£, §), V(L §))l € 1°([a. b] x B" x C™\ 0), (458)
(QE, 5V, V)
then there exists a constant ¢ > 0 such that
[0 AL, §)]
3tE(t,£)<C<1+W>E(f,S) (49)

holds for t € [c;,d;] and & € R" with &/|&| € X. Before proving that this energy estimate yields the C*° well-posedness of
the Cauchy problem (1.1) let us show that the Levi conditions (3.4) for the matrix B guarantee (4.8).

Proposition 4.5. Let b; and q;j, i, j = 1,...,m, be the entries of the matrix B and Q defined above. If there exists a constant ¢ > 0
such that
|@imbj — bigjm)(t, §)] < cA(t, &) (4.10)

holds for all1 < i, j <m, t €[a,b] and & € R", then (4.8) holds.

Proof. We begin by observing that the matrix Q B — B*Q has entries d;j = qimbj — biqm. It follows that
m m _
(QB=B*Q)V.V)=>" @mbj — biqjm)V;Vi.

i=1 j=1
Hence,

((@B=B*Q)V.V)|< > lgimbj —bigjml (1Vil* +1V;I)

and by the hypothesis (4.10) we get
[{((@B—B*Q)V,V)(t, &) <cAt,&)|V (L, &)

for some constant ¢ > 0, uniformly in ¢t € [a, b] and & € R". Finally, combining this estimate with the bound from below of
Lemma 4.2 we obtain (4.8). O

2
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Remark 4.6. Note that when the lower order terms are real-valued then the matrix Q B — B*Q is skew-symmetric. This

means that djj = qimbj — b_iqjm is identically zero when i = j and d;j = —d};. It follows that the Levi conditions (4.8) can be
rewritten as
|@imbj — bigjm) (£, €)| < cA(t, §), (411)

for 1<i<j<m,te[ab] and & e R".
We are now ready to prove Theorem 3.1.

Proof of Theorem 3.1. First of all, by the finite speed of propagation for hyperbolic equations we can always assume that
the Cauchy data in (1.1) are compactly supported. We refer to the Kovalevskian energy and the hyperbolic energy introduced
above. We note that in the energies in consideration we can assume |£| > 1 since the continuity of V(t, &) in & implies that
both energies are bounded for |£| < 1. In particular, the Levi condition (4.10) for |§]| > 1 yields the energy estimate (4.9) for
|€] > 1. Hence, by Gronwall’s Lemma on [c;, d;] we get the inequality

t
c(di—cj) |85A(5’ E)I .
Et.§)<e exp(t TAGE) ds |E(ci, £). (412)

Ci

Note that by Proposition 4.4, (ii), we have

At,8)> min A, ) > | ACE|| o pn
®8) sela.b]\Ag (5,8) = e8], ([a.b])

for all t € [c;, d;i]. Hence, applying Lemma 4.2 to (4.12) we have that there exists a constant C > 0 such that

t
2 1 |aSA(57$)|
Vst <c “acE F)IVe
V(.8 29[ AC, E)ll1o (a.0) exP( A(s, £) S>| N
1

eClo81/9|y (¢, &) %, (4.13)

<C
A, &)l (b))

for all t € [cj, d;] and for |&]| > 1, where we have used Proposition 4.4, (ii), in the last step. Taking into account that we have
at most p closed intervals [c;, d;], by combining (4.7) with (4.13) we conclude that
|V(b, ?,-')| <cC 1 - eC(log(]/€)+€‘§|)|V(a, g)_—)|,
ebq “ A(v S) ”lL)oo([a!b])

for |£] > 1. At this point setting ¢ =e~1(£)~! we have that there exist constants C’ > 0 and « € N such that

V(b &) < (4.14)

for |&] > 1. This proves the C* well-posedness of the Cauchy problem (1.1). Similarly, (4.14) implies the well-posedness of
(1.1) in D'(R". O

Remark 4.7. Note that we can write the matrix B as

m—1

B(t,£) =) Bi(t,§),

=0
where B_; has entries
b_i it &)= Z|y|=m7jflam—j+l,y(t)‘§y<‘§>j_m» forj<m—1,
E 0, otherwise,

of order —I for j=1,...,m. It follows that

m m
(@B—B*Q)V, V) =ZZ<qimbj biqjm)V Vi = Z Z (qzmb 1j— b 1igm)V;Vi.
i=1 j=1

We notice that it is enough to put Levi conditions on terms up to order —(m — 2) for the C*° well-posedness. More
precisely, let h := [m2 ]. Then, it is enough to put Levi conditions on terms up to order —(2h — 1) in order to get the C*>
well-posedness. Indeed, if
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|@imb—1.j = b_1iqjm)(t, )| <cA(t,§), tela,b], |E]>1
for 1<i, j<m and 0 <I<2h—1 then by the hypothesis (3.3) and Proposition 4.4 we get the hyperbolic energy

_{(BQEV(L,E), V(L,§)) . .
FE(t, &) = OBV V) E(t, &) +i{(Q(t,£)B(t, &) — B*(t,£)Q (L, §))V (¢, &), V(L &))
At £)

A(t, &)

2h—1

EC.6)+ Y [(Qt.5)BL(t.&) — B (. 5)QE.H)V(E.£). V(£.6))|
=0

m—1
+ Y [((Qt, ©)By(t, &) — B* (£, £)Q (¢, ©))V (£, ), V (£, )|

1=2h
[0: AL, &) —2h ,—2h
<C<1 -I—W)E(LEH—C(S) e"TE® ).
Note that
2h—1
Y [((Qt. &)Bi(t.&) — BX (£, )Q . ©)V (. £), V(£ 5))|
1=0

is estimated by means of the Levi conditions, whereas the bound (£)~2e=2ME(t, &) for

m—1

S (QE &)Bi(t. &) — BY (. EHQE OV (E.E). V(L. 8))]

[=2h

is obtained by symbol properties. At this point setting ¢ =e~1(£)~! we can estimate |V (¢, £)|? as in the proof of Theo-
rem 3.1.

Remark 4.8. We thank the referee for pointing out that by using WV, introduced in [6] (see Proposition 1, [6]) and the fact
that

(QV,V)=m—1WV]?
one can estimate ((Q (t,£)B(t,&) — B*(t,£)Q (t,£)V(t, &), V(t, &)) as follows:

[{(@B—B*Q)V,V)|=@n—DI(WBV,WV)— (WV,WBV)|

1

< CIWBV|WV|=C(WBV,WBV )2 WV, WV)

1

—C'(QBV,BV)2(QV,V)?

(ST

1
=C'((B*QB)V, V)7 (QV, V).
Now, by setting the Levi condition

((B*QB)V,V)é < clav AV, (415)

and applying the bound from below for the symmetriser in Lemma 4.2, we obtain

[((Qt. £)B(t,§) = B*(t,£)Q (¢, §))V (L, £), V(L. §))]

<CIBVAIVIQV. V)E < C’%(QV, V)= % |atAA| (Qv,v).

This will allow us to proceed with the energy estimate (4.9) even under the new Levi condition (4.15).

The Levi conditions (4.10) and (4.15) seem unrelated. We simply note that, in the case of second order equations with
principal part D¢ u —a(t)Dyx, a > 0, and arbitrary lower order terms, (4.15) is a condition on both the lower order terms by
and b, whereas (4.10) leaves b, free.

Finally, as suggested by the referee, one could slightly generalise the Levi condition (4.10) as follows:

|(@imbj — biqjm)(t. &) < c(A(t, &) + | A, £)]). (4.16)
Indeed, (4.16) implies
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E(t.§)

ot A(t,
((Q €. ©)B(E. &) — B*(E.£)Q(E. )V (. ), V(£ §)| < c(] + w>

and therefore the inequality (4.9) holds. For the second order equation

Dyttt — t?#Dygtt +it'Dyu =0, p,v >0,

the condition (4.16) forces
tV < C/tzuq’

on [0, T], hence v >2u — 1, whereas the Levi condition (4.10) entails v > 2u.
5. Examples and remarks on the condition (3.3) and the Levi conditions (3.4)

In this section we collect some examples and we have a closer look at the hypothesis (3.3) and the Levi conditions (4.8)
(or (3.4)).

We begin with the hypothesis (3.3). For the sake of simplicity we will assume that the roots have only one zero at t =0
(the proof can be adapted to the case of a finite number of zeroes) and we will take the interval [a, b] =[O0, T].

Recall that in this case there exist positive constants cq, ¢z such that

1 ~ 1
C1t—2A(f~§)SA(LS)SCzt—ZA(f,E), (5.1)

for t € [0, T] and |£| > 1. Before we argue this, we note that we will write such bounds over intervals of the type [0, T],
meaning that they hold over (0, T] and extend uniformly over t = 0 (usually due to cancellation of zeros). Now, the estimate
(5.1) is trivial when t is far from O, i.e. t € [8, T] C [0, T] with 8 > 0, since both A(t, &) and Z(t,é) are different from 0
there. When we are on a sufficiently small interval [0, 8] using the analyticity in t of A(t, &) we have

HA(L, £))?
tzﬁ € 1°(10, B1. [£] > 1) (52)

and
, At E)
(B A(t, §))?

To prove (5.2) recall the relation (4.2) and write A(t, &) as tfg(t, &), where k = k(&) is positive and bounded and |g(t, £)| >
yo for all t € [0, T] and |&| > 1. Hence,

€ L([0, B, I€] > 1). (5.3)

2 @A) P2kt §) + gt §))?
A2t &) t2g2(t, &)

for t € [0, 8] and |&| > 1. Analogously, to prove (5.3) setting Sup;cio 11, 1¢>1 18, £)| = y1 and sup;ejo 17,j¢>1 19:8(E. ) = 2
we get

~

2 A(L6) g, ) e gi(t.8) a1t

@A 6)?  tR2(kg(t, &) +tag(t, £)? 122 (kig(t, ) —t]dg(t, §)))? st (kyo —ty2)?’

which is bounded on [0, 8] x {&: |&] > 1} choosing 8 small enough. Thus (5.1) is valid for t € [0, 8] and |&| > 1.
We are now ready to state the following proposition.

Proposition 5.1. Let m = 2 and let 11 (t, &) = T1(t, )(£) 1, Aa(t, €) = Ta(t, £) (&)~ be the renormalised roots of the characteristic
polynomial of (1.1). Assume that A1(t, &) and Aa(t, &) which are analytic in t coincide at t = 0 only, with A1(0,&) = A2(0,&) = 0.
Then, the hypothesis (3.3) is equivalent to each of the following two conditions, for |§| > 1 and T small enough:
(i) there exists M > 0 such that
2 2 2
(a1t 6)) + 2 (3r2(6.8))” < M(A (. £) — A2(t,6)), te[0,T], ] >1;
(ii) there exists M > 0 such that

D2(,8) + 238 £) < M(M(E,€) — A, 6))°, te[0,T], €] >1.
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Proof. We recall that 71(t, &) and 1,(t, £) are the roots of the characteristic polynomial

T2 — Z av,\vl(t)é}'vl— - Z av,lv\(t)§:v~

[v|=1 [v|=2
Hence,
V|= aV, v (t) v -1 - A(tv )
A](t!§)=2||1 vl 52(5) VAL E
and
bi—1 Qo) (DEV(E) ™1 + VAL, E)
ha(t, ) = =1 - ,
where

2
INGIE (Z av,|v|(t>5”> €774 ) aypE"(E)

[v|=1 lv|=2

Clearly,

(M. &) — 12t ©) = A, ).
Moreover,

(021.(E, )% + (9e22(6, ) < c(Fr1 (6, €) + deha(t, ) + c(3y/AL 6)*.
By definition [y (t, &) = (8:A1(t, £) + dA2(t, £))2, hence (3.3) implies
(AL, £))

A(E, &)

From the previous observation (5.1) on A we have that Z(t,&) <c(1/t)A(L, €) on [0, T] for |£] > 1. Applied to (5.4) this
proves that (3.3) implies (i).
Assume that (i) holds. By Taylor’s expansion and adding and subtracting the term ;A1 (62t, £) we can write

(321t ) + (31206, 6))* < c(A(t, &)+ ) = cA(t,©). (5.4)

(m(€.5)° + (12(6.©)” = (321 01£. £)t)° + (Ah2(Oat, )t)°
< 20 (3h1 (1, &) — dcha (Bat, 5))2 + 262 (31 (62t 5))2 + 2 (3cr2 (62t S))2~
The hypothesis (i) yields

2 2 2 2

(21 8)" + (A2(t, £))° < ct?(dr1 (618, &) — dr1(B2t, §))” + (M1 (628, &) — A2 (628, ). (5.5)
Both the summands in the right-hand side of (5.5) are bounded by (A1(t,&) — A2(t, £)). Indeed, recalling that A¢(t,&) =
thgi(t, ), aa(t, &) =thagy(t, £), where gq(t, &) #£0, go(t, &) # 0 and the functions kq(£), ko(€) are positive and bounded,
we obtain

(2 (021 (018, ) — 021 (02, §))?

A(t, §)
_p®@0 g 06, §) + 0101981 (011, ) — ka (02027182028, §) — (00208201, §))°
(thg1(t, &) —thagy(t, £))?

o Cg1 t2k1 + ng t2k2
~ 9
t2k(thi—kgy(t, &) — tkakgy(t, £))?

where k = min{kq, k2}. Since the functions g; and g, are bounded with |g1(t,&)| > c1 and |g2(t, )| > ¢ for t € [0, T] and
|&] > 1, we have that the bound from below

|17 * gy (1, 8) — 2 gy (0, 8)| > 3

holds uniformly in |£] > 1 and ¢t € [0, T], when T is sufficiently small. Thus,

2 O O18,§) — 021 (021, £))° Cart?1 + gy tH2 <
A(t,§) T e2k(tki—kgy (¢, &) — thekgy (£, £))2 T
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Analogously,
(M(B2t, &) — 22628, £))* (M (B2t §) — A2 (62t §))?
At §) (A (t, &) — 1a(t, £))?
_ (B20)F181(0at, €) — (B20)*282(6st, £))*
(thg1(t, &) —thagy(t, £))?
< g, 121 4 g, t2k2 <c
t2k(tki—kgy(t, &) — tha~kgy(t, §))?
This completes the proof of (i) implies (ii).
It remains to prove that (ii) implies (3.3). We recall that from Lemma 5 in [6], applied to d;A1 and 9;A;, the estimate
t|oeai(t, &) < c|ni(t, §)|
holds for i =1, 2, uniformly in t € [0, T] and |§| > 1. Then, under the hypothesis (ii) we get

2y, &)| =2 (0 (t, £) + Ao, £)° < 262(3eh (6, 6))” + 26 (0 e, £))

<O(t.6) +crd(t.8) <M(A1(t. ) — r2(t, §)° = MA(.§).
Finally, from (5.1) we conclude that | (t, §)| < CZ(t, &). This completes the proof. O

We assume now for simplicity that the lower order terms in (1.1) are real-valued. We want to compare the Levi condition
in (4.11) with the corresponding Levi condition introduced in [6], which assumes

bjt,&)° <cqjjt. &), j=1,....m. (5.6)

In general (5.6) is weaker than (4.11), in the sense that (4.11) implies (5.6). However, for the second order equations we
have:

Proposition 5.2. Let m = 2. If the roots A1, A, fulfil

2268 + 23,8 <M, &) — 16, 6))°, telabl, €121, (5.7)
then the Levi condition (5.6) is equivalent to
|(q12b2 —blC}lzz)(f,E)|2 <CA(t,§) (5.8)

fortela,bland |E| > 1.

Proof. We recall that in this case the symmetriser is given by the matrix

0— MHA -
—A — A2 2

From (5.7) it is clear that A(t, &) is equivalent to A%(t, &)+ A%(t, £). We begin by writing

12b1(t, &)[° < |gaa(t, £)b1(t, €) — qua(t, E)ba(t, &) +qra(t, )by (t, &)|°
< 2|qna(t, )b (. &) — qra(t, E)ba(t, )] + 2|qua(t, E)ba(t, &)[.

Using the definition of the entries of Q given above, the fact that A is equivalent to A% + )% and the boundedness of by,
we obtain under the assumption (5.8) that
2 2

|b1(6, )] < (Al E) + (M6 E) +12(t,8)%) < (W3, €) + 23, &) = ¢ qui ¢, §).
This shows that (5.8) implies (5.6) for j = 1. For j =2 condition (5.6) means |by(t,&)| < C which is trivially satisfied.
Conversely, if (5.6) holds then

2 2 2
|422(t, £)b1(6, §) — qua(t, §)b2(t, §)|” < 2|q2(t, )b1(t, §)|” +2[q12(t, §)ba2(t, &)
<

(a1 (t, &) + a3, £) < (3¢, &) + 25t 8)),
which implies that (5.8) is valid. O

Clearly AZ(t,&) < cA(t,&) when t € [a,b] and |€] > 1, so (4.11) = (5.8) < (5.6) under the assumption on the roots
(5.7). Proposition 5.2 also shows that the Levi conditions on the lower order terms can be improved by making use of
the hypothesis (3.3). This requires a precise knowledge of the relation between the roots of the equation and the check
function .
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