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ABSTRACT. We continue the study of scattering theory for the system con-
sisting of a Schrodinger equation and a wave equation with a Yukawa type
coupling in space dimension 3. In previous papers, we proved the existence of
modified wave operators for that system with no size restriction on the data
and we determined the asymptotic behaviour in time of solutions in the range
of the wave operators, first under a support condition on the Schrédinger as-
ymptotic state and then without that condition, but for solutions of relatively
low regularity. Here we extend the latter result to the case of more regular

solutions.
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This paper is a sequel to two previous papers with the same title ([1] [2],
hereafter referred to as I and II) where we studied the theory of scattering and
proved the existence of modified wave operators for the Wave-Schrodinger (WS)
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system in space dimension 3

i0u = —(1/2)Au — Au (1.1)

04 = |ul? (1.2)

where u and A are respectively a complex valued and a real valued function defined
in space time IR**'. We refer to the introduction of I for general background and
references and we give here only a general overview of the problem.

The main result of I and II was the construction of modified wave operators
for the WS system, with no size restriction on the solutions. That construction
basically consists in solving the Cauchy problem for the WS system with infinite
initial time, namely in constructing solutions with prescribed asymptotic behaviour
at infinity in time. That asymptotic behaviour is imposed in the form of suitable
approximate solutions of the WS system. One then looks for exact solutions, the
difference of which with the given approximate ones tends to zero at infinity in time
in a suitable sense, more precisely in suitable norms. The approximate solutions
are obtained as low order iterates in an iterative resolution scheme of the WS
system. In I and II we used second order iterates. They are parametrized by data
(u+,A+,A+) which play the role of (actually are in simpler cases) initial data at
time zero. Those data constitute the asymptotic state for the actual solution.

An inherent difficulty of the WS system is the difference of propagation proper-
ties of the wave equation and of the Schrédinger equation. Because of that difficulty,
we had to impose in I a support condition on the Fourier transform Fu, of the
Schrédinger asymptotic state u,, saying in effect that F'u vanishes in a neighbor-
hood of the unit sphere, so that u; generates a solution of the free Schrodinger
equation which is asymptotically small in a neighborhood of the light cone. Such a
support condition is unpleasant because it cannot be satisfied on a dense subspace
of any reasonable space where one hopes to solve the problem, typically with u in
FH* for k > 1/2 (H* is the standard L? based Sobolev space).

A progress on that problem was made by Shimomura [13] [14] who was able
to construct the wave operators for the WS system without assuming that support
condition, in the framework of a simpler method proposed earlier by Ozawa [11]
and where the same difficulty occurs [12] [15]. That method however is intrinsically
restricted to the case of small Schréodinger data (see [7] for a review). The key of
that progress consists in using an improved asymptotic form for the Schrodinger
function, obtained by adding a term depending on (A4, A.) which partly cancels
the contribution of the asymptotic field for A in the Schrédinger equation.

Although the method used in I is more complicated than the Ozawa method
(so as to accomodate arbitrarily large data and solutions), it turns out that the
improved asymptotic form of u used in [14] can be transposed into the framework
of the method of I, thereby allowing to remove the support condition on Fu,
assumed in I. This was done in II. However the treatment given in II is restricted
to the case of solutions of relatively low regularity, typically with v € FHF with
1 < k < 3/2 (the case k = 1 can also be covered by a simple variant of the same
treatment). The purpose of the present paper is to extend the same result to the
case of more regular solutions, namely with £ = 2. This is obtained by exploiting
the fact that for the Schrodinger equation, one time derivative is homogeneous to
two space derivatives, so that H? control of the solutions can be achieved by using
only one (time) derivative. That property was extensively used in similar problems
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in [4] [5] [6] [15] (see [7] for a review). The methods and results of the present
paper are expected to be relevant for the treatment of the corresponding problem in
the general case for the more complicated Maxwell-Schrodinger system, which was
considered in [3] in the special case of vanishing asymptotic magnetic field only.

In the remaining part of this introduction, we shall briefly review the method
used in I in the modified form used in the present paper. We refer to Section 2 of 1
for a more detailed exposition. The main result of this paper will be stated in semi
heuristic terms at the end of this introduction. The first step in that method consists
in eliminating the wave equation (1.2) by solving it for A and substituting the result
into the Schrodinger equation, which then becomes both non linear and non local in
time. One then parametrizes the Schrédinger function w in terms of an amplitude
w and a phase ¢ and one replaces the Schrodinger equation by an auxiliary system
consisting of a transport equation for the amplitude and a Hamilton-Jacobi equation
for the phase. One solves the Cauchy problem with prescribed asymptotic behaviour
for the auxiliary system, and one finally reconstructs the solution of the original
WS system from that of the auxiliary system. We now proceed to the technical
details. We restrict our attention to positive time.

We first eliminate the wave equation. We define

w=(-AY2 | K#)=w lsinwt , K(t)=coswt
and we replace (1.2) by

A= Ag+ A (Ju?) (1.3)

where
Ag=K(t)A, + K(t)A , (1.4)
Ay (|u?) = —/t dt' K(t—t")|u(t)? . (1.5)

Here Ay is a solution of the free wave equation with initial data (A, , A} ) at time
t = 0. The pair (A, A, ) is the asymptotic state for A.

We next perform the change of variables mentioned above on u. In connection
with the fact that we use time derivatives systematically in order to perform the
necessary estimates, it turns out to be convenient to perform a different change of
variables from that made in I and II. The main difference lies in the fact that we
change t into 1/¢, so that the auxiliary system will have to be studied for ¢ in a
neighborhood of zero instead of a neighborhood of infinity. The change of variables
from u to w then becomes very similar to the pseudoconformal inversion (it would
reduce to the latter if the phase ¢ were absent). The unitary group

U(t) = exp(i(t/2)A) (1.6)

which solves the free Schrodinger equation can be written as
U(t)=M(t) D(t) FF M(t) (1.7)

where M (t) is the operator of multiplication by the function
M(t) = exp (iz®/2t) , (1.8)

F is the Fourier transform and D(t) is the dilation operator
D(t) = (it)=** Do(t) (1.9)

where

(Do(t)f) (x) = f(z/t) . (1.10)
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We parametrize u in terms of an amplitude w and of a real phase ¢ as
u(t) = M(t) D(t) explip(1/t)]w(1/t) . (1.11)
Substituting (1.11) into (1.1) yields an evolution equation for (w, ¢), namely
{i0, + (1/2)A = (i/2)(2Vp -V + Ap) + t ' B+ 00 — (1/2)|Ve[*}w =0 (1.12)
where we have expressed A in terms of a new function B by
A(t) =t~ Do(t) B(1/t) . (1.13)
Corresponding to the decomposition (1.3) of A, we decompose
B = By + Bi(w,w) (1.14)

where Ag(t) = t71Dg(t)Bo(1/t) and A;(t) = ¢t~ Dgy(t)B1(1/t). One computes
easily

By (w1, ws) = /100 dv v=3 wlsin((v — 1)w)Do(v)(Re wyws)(t/v) . (1.15)

At this point, we have only one evolution equation (1.12) for two functions
(w, ). We arbitrarily impose a second equation, namely a Hamilton-Jacobi (or
eikonal) equation for the phase ¢, thereby splitting the equation (1.12) into a system
of two equations, the other one of which being a transport type equation for the
amplitude w. For that purpose, we split B into long range and short range parts as
follows. Let xy € C(IR? IR), 0 < x < 1, x(£) = 1 for |¢] < 1, x(€) = 0 for |¢] > 2
and let 0 < B < 1. We define

By = Bor, + Bos , B, = By, + Bg (1.16)

where
FBOL(tvg) = X(gtﬁ)FBO(tag) >
(1.17)
FBL(tag) = X(ftﬁ)FBl(t,f) :
The parameter 8 will have to satisfy various conditions which will appear later, all
of them compatible with 8 = 1/3.
We split the equation (1.12) into the following system of two equations.

i0,w + (1/2)Aw = iQ(Vp,w) — t~1(Bos + Bs(w,w))w
(1.18)
dp = (1/2)|Ve]> —t~! Bop —t~"' Br(w,w)

where we have defined
Q(s,w)=s-Vw+ (1/2)(V - s)w (1.19)

for any vector field s. The first equation of (1.18) is the transport type equation for
the amplitude w, while the second one is the Hamilton-Jacobi type equation for the
phase . Since the right-hand sides of (1.18) contain ¢ only through its gradient,
we can obtain from (1.18) a closed system for w and s = V¢ by taking the gradient
of the second equation, namely

10w + (1/2)Aw = ZQ(Sv U)) - til(BOS + Bs(U/, ’LU))U}
(1.20)
Ois =5-Vs—t"'VBy, —t 'VBr(w,w) .
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Once the system (1.20) is solved for (w, s), one recovers ¢ easily by integrating
the second equation of (1.18) over time. The system (1.20) will be referred to as
the auxiliary system.

The construction of the modified wave operators follows the same pattern as
in T and II. The first task is to construct solutions of the auxiliary system (1.20)
with suitably prescribed asymptotic behaviour at zero, and in particular with w(t)
tending to a limit w; = Fuy as t — 0. That asymptotic behaviour is imposed in
the form of a suitably chosen pair (W, ¢) and therefore (W, S) with S = V¢ with
W (t) tending to w4 as t — 0. For fixed (W, 5), we make a change of variables in
the system (1.18) from (w, ¢) to (q,%) defined by

(,9) = (w, ) = (W, 9) (1.21)

or equivalently a change of variables in the system (1.20) from (w, s) to (g, o) defined
by

(¢,0) = (w,s) = (W, S) , (1.22)
and instead of looking for a solution (w, s) of the system (1.20) with (w, s) behaving
asymptotically as (W, S), we look for a solution (gq,0) of the transformed system
with (g, o) (and also ¢) tending to zero as t — 0. Performing the change of variables
(1.22) in the auxiliary system (1.20) yields the following modified auxiliary system
for the new variables (g, o)

i0rq + (1/2)Aq = i(Q(s,q) + Q(o,W)) —t ' Bys ¢
—t7'Bg(w,w)q — t~* (2Bs(W,q) + Bs(q,q)) W — Ry (W, S) (1.23)

0o =(s-Vo+0o-VS) -tV (2BL(W,q) + Br(q,q)) — Ro(W,S) ,
where the remainders Ry (W, S) and Ry(W, S) are defined by
Ri(W,S) = i0,W + (1/2)AW —iQ(S,W) +t *(Bos + Bs(W, W))W  (1.24)
Ro(W,8) = 0;S — S-VS+t 'VBy +t 'VBL(W, W) (1.25)
and the dependence of the remainders on By has been omitted in the notation.

For technical reasons, it is useful to consider also a partly linearized version of the
system (1.23), namely

i0:q + (1/2)A¢ = i(Q(s,¢') + Q(o,W)) —t 1 Bys ¢
—t™'Bs(w,w)q —t~" (2Bs(W, q) + Bs(q,q)) W — R1 (W, S) (1.26)

00" = (5 Vo' +0-VS) =tV (2BL(W,q) + BL(¢,q)) — R2(W, 5) .

The construction of solutions (w, s) of the auxiliary system (1.20) defined for
small time and with prescribed behaviour (W,S) at zero proceeds in two steps.
The first step consists in solving the system (1.23) for (¢, o) tending to zero at zero
under suitable boundedness properties of By and (W,S) and suitable vanishing
properties of the remainders Ry (W, S) and Ry(W,S) at zero, by a minor variation
of the method used in I. That method consists in first solving the linearized system
(1.26) for (¢’,0’) with given (g, 0), and then showing that the map (¢,0) — (¢, o’)
thereby defined has a fixed point, by the use of a contraction method. The second
step consists in constructing (W, S) with W (¢) tending to w as t — 0 and satisfying
the required boundedness and vanishing properties. This is done by solving the
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auxiliary system (1.20) by iteration to second order as in I and then adding to W
an additional term of the same form as that used in [14] and in II. The detailed
form of (W, S) thereby obtained is too complicated to be given here and will be
given in Section 3 below (see (3.42)-(3.47)).

Once the system (1.20) is solved for (w,s), one can proceed therefrom to the
construction of a solution (u, A) of the original WS system. One first defines the
phases ¢ and ¢ such that s = Vy and S = V¢ and one reconstructs (u, A) from
(w, ) by (1.11) (1.3) (1.5), thereby obtaining a solution of the WS system de-
fined for large time and with prescribed asymptotic behaviour. The modified wave
operator for the WS system is then defined as the map Q : (uy, Ay, Ay) — (u, A).

The main result of this paper is the construction of (u, A) from (uy, A4, A+) as
described above, together with the asymptotic properties of (u, A) that follow from
that construction. It will be stated below in full mathematical detail in Proposition
4.1. We give here a heuristic preview of that result, stripped from most technicali-
ties. We set 3 = 1/3 for definiteness.

Proposition 1.1. Let 3 = 1/3. Let (uy, Ay, AL) be such that wy = Fu, € H*+
for sufficiently large k., that (Ay, A}) be sufficiently regular, and that (FA,, FA,)
be sufficiently small near £ = 0. Let (W, S) be the approzimate solution of the system
(1.20) defined by (3.42)-(3.47). Then

(1) There exists T = 1(uy, Ay, Ay), 0 <7 <1, such that the auziliary system
(1.20) has a unique solution (w,s) in a suitable space, defined for 0 < t < 7 and
such that (w — W, s — S) tends to zero in suitable norms when t — 0.

(2) There exists ¢ and ¢ such that s = Vo, S = V¢, ¢(1) = 0 and such that
© — ¢ tends to zero in suitable norms when t — 0. Define (u, A) by (1.11) (1.3)
(1.5). Then (u, A) solves the system (1.1) (1.2) for t > T = 7= and (u(t), A(t))
behaves asymptotically as (M (t)D(t) exp(id(1/t))W (1/t), Ag+ AL (|D(E)W (1/t)|?))
in the sense that the difference tends to zero in suitable norms (for which each term
separately is O(1)) when t — oo.

The unspecified condition that (F A, F A+) be sufficiently small near £ = 0 can
be shown to follow from more intuitive conditions in z-space, consisting of decay
conditions at infinity in space, and, depending on the values of the parameters
defining the relevant function spaces, of some moment conditions on (A, A,).

This paper relies on a large amount of material from I and II. In order to bring
out the structure while keeping duplication to a minimum, we give without proof a
shortened logically self-sufficient sequence of those intermediate results from I and
IT that are needed, and we provide a full exposition only for the parts that are new
as compared with I and II. When quoting I or II, we shall use the notation (I.p.q)
or (IL.p.q) for equation (p.q) of I or IT and Item I.p.q or II.p.q for Item p.q of T or
II, such as Lemma, Proposition, etc.

The remaining part of this paper is organized as follows. In Section 2 we
collect notation and some estimates of a general nature. In Section 3, we study
the Cauchy problem at zero for the auxiliary system (1.20). We first prove the
existence of solutions under suitable boundedness properties of (W, S) and suitable
vanishing properties of the remainders at zero (Proposition 3.1). We then define
(W, S) and prove that they satisfy the previous properties, which yields the main
result on the Cauchy problem at zero for the auxiliary system (1.20) (Proposition
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3.2). Finally in Section 4, we construct the wave operators for the WS system (1.1)
(1.2) and we derive the asymptotic properties of the solution (u, A) in their range
that follow from the previous results (Proposition 4.1).

2. Notation and preliminary estimates

In this section we introduce some notation and we collect a number of
estimates which will be used throughout this paper. We denote by || - ||, the norm
in L" = L"(IR*) and we define 6(r) = 3/2—3/r. For any interval I and any Banach
space X we denote by C(I, X) the space of strongly continuous functions from I to X
and by L*°(1I, X) the space of measurable essentially bounded functions from I to X.
For real numbers a and b we use the notation aVb = Max(a, b) and aAb = Min(a, b).
In the estimates of solutions of the relevant equations we shall use the letter C to
denote constants, possibly different from an estimate to the next, depending on
various parameters but in general not on the solutions themselves or on their initial
data. We shall use the notation C(aq, ag, - - - ) for estimating functions, also possibly
different from an estimate to the next, depending on suitable norms ai, asg, -+ of
the solutions or of their initial data.

We shall use the Sobolev spaces H¥ and H* defined for —co < k < 400,
1 <r <o by

if = {uilw B | = || Fu e < oo}
and
Hf ={u:|wHf | =||[<w>"u|, <oo}
where w = (—A)Y2 and < - >= (1 + |- |?)"/2. The subscript r will be omitted if
r = 2 and we shall use the notation || w; H* || = |w]g.

We shall look for solutions of the auxiliary system (1.20) such that (w,Vs) €
C(I,H* @ H") where I is an interval and where it is understood that Vs € L2
includes the fact that s € LS.

We shall use extensively the following Sobolev inequalities, stated here in IR",
but to be used only for n = 3.

Lemma 2.1. Let1 <q,r<oo,1<p<ooand0<j<k. Ifp=oc, assume that
k—j>n/r. Let o satisfy j/k <o <1 and

n/p—j=1-0o)n/qg+o(n/r—k).
Then the following inequality holds

(2.1) lwull, <Clulg™ [whul?

The proof follows from the Hardy-Littlewood-Sobolev (HLS) inequality ([8],
p. 117) (from the Young inequality if p = 00), from Paley-Littlewood theory and
interpolation.

We shall also use extensively the following Leibnitz and commutator estimates.

Lemma 2.2. Let1 < r,ry,r3 < oo and

r=1/ri+1/ro=1/rs+1/r4 .
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Then the following estimates hold

(2.2) @™ (o) [lr < C(lw™ullry [0 llr, + 1 @™ 0 I || w]lr)
form >0, and

23) ™ lle <C(lo™ully vl + @™ 0 ey | Vadlr,)
form > 1, where [ , ] denotes the commutator.

The proof of those estimates is given in [9] [10] with w replaced by < w > and
follows therefrom by a scaling argument.

We next give some estimates of Byy,, Bog, By, and Bg defined by (1.16) (1.17).
It follows immediately from (1.16) (1.17) that

(2.4) lw™Bor ll2 < (267%)" " [P Bop [la < (2¢677)" 7" | wPBo |12
for m > p and
(2.5) | w™Bos [l < 7™ || WP Bog |2 < 7™ || WP By |2

for m < p. Similar estimates hold for By, Bgs. We shall need estimates of B
defined by (1.15) and of 9, B;. From (1.15) it follows that

(2.6) 0, By (wy,wy) = By (Byw1,wa) + By (wr, yws)
where

(2.7) By (wy,wy) = /100 dv v *w ™ sin((v — 1)w)Do(v) (Re(wws)) (t/v) .

It follows from (1.15) (2.7) that

| @™+ By (wr,w5) [|a < L (| ™ (@1w5) 2)
] (2.8)
| & By (w1, ws) fla < Tnr (| ™ (@rw2) |J2)

where I, is defined by
IO = [ w3 fe0) (2.9)

We finally collect some estimates of the solutions of the free wave equation
0A4p = 0 with initial data (A, A} ) at time zero, given by (1.4).
Lemma 2.3. Let k> 0. Let A, and A, satisfy the conditions
A, wtA e HY ) VA, VA, c HF. (2.10)
Then the following estimate holds :
| w™Ag ||, < bo t™ " for2<r<oo, (2.11)
for 0 <m <k and for all t > 0, where by depends on (A, A+) through the norms
associated with (2.10).
The estimate (2.11) can be expressed in an equivalent form in terms of By
defined by (1.13), namely
| w™Bo ||r < by ™™ for2<r<oc. (2.12)
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We shall also need some estimates on time derivatives of By. From the fact that
the dilation generator P = tJ; + x - V satisfies the commutation relation

P =Dy(t) t 0; Do(t)" ", (2.13)
and from (1.13), it follows that for any non negative integer j
(P+1) Ao(t) = (=7 t7 Do(t) ((t 0 Bo) (1/1) . (2.14)

On the other hand if Ay is a solution of the wave equation 0Ag = 0 with initial data
(Ay,Ay) at t = 0, then also PAg is a solution of the same equation, with initial
data z- VA and (14 2+ V)A+. Combining the previous remarks with Lemma 2.3,
we obtain the following corollary.

Corollary 2.1. Let A and AL satisfy the conditions

A ,w A el? | z-VA,wlz-VA eL?. (2.15)
VA VA el |, V?z-VA, ,Vz-VA, €. (2.16)

Then By defined by (1.13) satisfies the estimates
1 0/ Bo [|»< by t=92/" (2.17)

for j =0,1 and for 2 <r < oo, where by depends on (A+,A+) through the norms
associated with (2.15) (2.16).

Finally from the fact that xy € C3° and from obvious scaling properties, it
follows that Byg and Byy, also satisfy the estimates (2.12) (2.17), possibly up to an
absolute constant.

3. Cauchy problem at zero for the auxiliary
system

In this section, we solve the Cauchy problem with initial time zero for the
auxiliary system (1.20) in the difference form (1.23). We first solve the system (1.23)
for (¢, o) tending to zero at zero under suitable boundedness properties of (Bg, W, S)
and suitable vanishing properties of the remainders Ry (W, S) and Ry(W,S). We
then construct (W, S) with W (t) tending to wy = Fu, as t — 0 and satisfying the
required boundedness and vanishing properties. The method closely follows that of
Sections 6 and 7 of 1.

We first estimate a single solution of the linearized auxiliary system (1.26) at
the level of regularity where we shall eventually solve the auxiliary system (1.20).
The following lemma is a variant of Lemma 1.6.1 with & = 2, where however the sec-
ond order space derivatives of g are estimated through the use of the time derivative.

Lemma 3.1. Let 3 >0 and ¢ > 3/2. Let 7 <1 and I = (0,7]. Let By € C1(I, L)
satisfy the estimate (2.17) for r = oo and j = 0,1. Let (W,VS) € C(I,H? ®
H*Y neY(I,H @ H*1) and let (By,W,S) be such that Ry € C'(I,L?) and
VRy € C(I,H"). Let (q,Vo), (¢,Vo') € C(I,H> ® H)NC (I, L?> ® H*1) and let
(¢',0") be a solution of the system (1.26) in I. Assume that W and q satisfy

(3.1) Sup (I W lloe v Wlso V[l V lals2) < a
S
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for allt € I. Then the following estimates hold for allt € I :

(32 (old ol < C{al Vol + 7 a® I(la ) | + | Ru(W,S) |l

I8¢ lh< {1ad e +(lsle + 15127114 o +al Vo

(33) +t7 (bo+a® ) 1 2 + 7 a® Lo (|l g ll2) + || Ba(W. ) Iz }
where s = S + o,

10¢ || Oeq ||2] < C{ (1 0eslloc + 110V -5) 13) [ Vd' [z + all 0:Vo ||

t(lolos + 1V-alls) | VOW |2 +t72 (b0 +a® t7) [ ' |2

+t7a Lo (|l g ll2) +tra (1 oW lls To(lall2) + Lo (I &W s || ¢ ll2))

+ 7@ L(|| O )+t e (| W) 2 + [ deq l12) 1 d s }
BA)+ || 0 (W, S) |2

01 1| ™90 ] < C{ | Vs oo || 0™ Vo' l2 + || ™ Vs |12 | Vo [loc
+ @V 2 [ VS oo + [0 oo | 0™ VS |12
(85)  + 1P Ly (g ) } 4+ W VR(W,S) |z

for0<m </,

10111 Vo' 1o < C{ 11 Vs lloo 190" 12 + 190 Jl2 (I VS lloo + 1| */29S |12)
P a ko (lqlle) f + Il VRAWS) [l (3:5)0

| 0™V’ 2 < C{ Il s lloo | & V%0" 12 + & Vs |2 ]| V0 oo
+ 1w 2 195 oo + 110 oo | ™ 92S |1
(86)  + P e gy ([ qlla) |+ | W VR(W,S) o

foro<m</{-1,

10:Vo' |2 < C’{ IVslloo | Vo' ll2 + I8 lleo | V20" [l2 + || Vo |l2

% (1195 lloo +110*298 )+ F aly(la ) } + || VR2(WS) fl2 - (3:6)o

Proof. The estimate (3.2) is essentially (I.6.2) modified by the change ¢ — 1/t and
simplified by the fact that ¢ € L°°(I, L>°) and is proved in the same way. We next
prove (3.3). From (1.26) and (2.17) we obtain

I8¢ e <2{ 10 2 + 11 Q(s:a) 2 + [ Qovw) |2 + Ct b0 |1 ¢ 2

(B7) +t7 | Bs(w,w) [l [l ¢ l2 +¢7" | Bs@W+q.0) 2 [| W lloe + || B l2 }
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where w = W + ¢. The terms not containing ¢’ have already been estimated in the
proof of (3.2). We next estimate

1Q(,d)ll2 < Cllslee + 1V slls) | Vd' |2
(3.8) < Cllslloe + 11V-5l3) I 115721 Ad 1137

| Bs(w,w) [l < C || VBs [[/* | V2Bg |Il3* < C 47 || w*/2By(w,w) ||2
(39) <C17 Iyys (|20 s | w ) < a®¢?
by (2.5) (2.8) and Lemma 2.1. Now (3.3) follows from (3.2) and (3.7)-(3.9).
We next prove (3.4). Taking the time derivative of the equation for ¢’ in (1.26),

performing a standard L? norm estimate and using the fact that the terms in the
RHS containing 9;¢’ do not contribute to that estimate, we obtain

10611 0" ll2| < 1| Q(Ors,¢") ll2 + | RO, W) 2 + || Q(o, Orw) |2
+172{(Cbot || Bs(w,w) lloo) 1" 2 + | Bs@W +q.0) ll2 | W [lc}

+ t’l{ | Bs(2W +q,q) ll6 [| 0:W |ls + [ 9:Bs@W +4q,q) [l2 | W [|oo
(3.10) + || 9:Bs(w,w) lls I ¢ Ils } + || O:R1 |2 -

We next estimate by Holder and Sobolev inequalities

(3.11) Qs a") 2= Cldsllo + 10:V -5 3) | V4 |2
QO W) 2 < 10w [l | VIV Iz + [0V -0 2| W
(3.12) < CalldVo |2
QM. 0W) 2 < llollscll VAW |l2 + [V o lls || 0:W [ls
(3.13) < Cllolle + I1V-alls) | VOW |2

Using in addition (2.5) (2.8), we estimate.
(3.14) || Bs@W +q,q) 2 < Ct7 | VBi2W +4,q) [l < Cat’ Iy (]| ¢ |l2)

B.15)  [1Bs@W+q,q) e < Cl[VBL2W +¢,q) 2 < Calo(lql2) -

We next estimate the terms containing 0; Bg. When acting on the cut-off factor ¥,
the time derivative produces a term

(Oex (7)) By = Bt (£- V) (é°) By

thereby generating an extra factor t~! and a new cut off field with y replaced by
& - Vx. The corresponding term is easily estimated in the same way as Bg and
generates terms in the estimates of the same type as those generated by 0; acting
on t~!. Omitting those terms, we estimate the remaining contribution of 9, Bg as

follows (see (2.6)-(2.8))
| 0Bs2W +4,0) o < C{° L(IW +q 1o || Gug I2)

+ T (| W s Il a Il2) }
(3.16) <C{at’ Li(|qll2) + 1o (1 0W s I qll2)}
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| 0:Bs(w,w) [l¢ < C'|| VO Bs(w,w) ||
(3.17) <SCL(|wlee | 0w l2) <CaLi(0:W [la + [l 9 ll2) -

Substituting (3.9) and (3.11)-(3.17) into (3.10) yields (3.4).

The estimates (3.5) and (3.5)¢ are essentially the estimates (1.6.4) and (1.6.4)o,
modified by the change ¢ — 1/¢ and simplified by the fact that ¢ € L*° (I, L*°), and
are proved in the same way. The estimates (3.6) and (3.6)( are very similar to (3.5)
and (3.5)¢ and differ therefrom by the fact that the terms s - w™V?0’ and s - V2o’
cannot be integrated by parts when estimating the L? norm of the relevant time
derivative, whereas they can when estimating the derivative of the L? norm.

O

We also need to estimate the difference of two solutions of the linearized aux-
iliary system (1.26). Those estimates are given by Lemma 1.6.2 in the special case
k = 2, where they become significantly simpler. We restate them in the following
lemma.

Lemma 3.2. Let 3 > 0 and £ > 3/2. Let 7 < 1 and I = (0,7]. Let By, W,
S satisfy the assumptions of Lemma 3.1. Let (¢;,0;) and (¢;,0l), i = 1,2 satisfy
the assumptions made on (q,0) and (¢’,0’) in Lemma 8.1, and in particular let
(¢}, 0%) be solutions of the system (1.26) corresponding to (¢;,0;), i = 1,2. Define
(qs,0+) = (1/2)(q1 £ 2,01 £ 02) and (¢'v,0)) = (1/2)(¢} £ ¢b, 0} £ 0h). Then the
following estimates hold for allt € I

(3.18) 0: [ d- ll2] < C{a || Vo2 +a® 77 Iy ([l - [2)}

|00 | Vol [l2] < C{ IVsilloe [1VO 2 + (I V5Y llo + [1V25 [ls) | Vo [l2

(3.19) +at P Il )}

where sy =S+ 04,8\, =S5+0/,.

We can now solve the Cauchy problem at zero for the auxiliary system (1.23)
under suitable boundedness properties of (Bg, W, S) and suitable vanishing prop-
erties of the remainders at zero. This is the first main result of this section. It
corresponds to Proposition 1.6.3, part (2) and to Proposition II.3.1.

Proposition 3.1 Let 0 < 8 < 1, £ > 3/2 and Ao > 1V B({ +1). Let By €
C((0,1], L) satisfy the estimate (2.17) for r = oo and j = 0,1. Let (W,VS) €
C((0,1], H?> @ H*Y) nCY((0,1], H' @ H'Y), let Ry € C*((0,1],L?) and VR, €
C((0,1], HY). Let W, S, Ry, Ry satisfy the following estimates for all t € (0,1] :

(3.20) [ Wills VIWlz2<a

(3.21) |0,W |, < ay t—/?

(3.22) | w™VS ||l < b (wn a +rﬁ<m*2>) for0<m<e+1,
(3.23) 1965 lloe V || B:VS |5 < byt~

(3.24) | &Ry || <y tho—1d forj=0,1,
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(3.25) | W™VRy ||z <7y tPo 17PN for0<m< L.

Then there exists 7, 0 < 7 < 1 and positive constants Yy, Y1, Y, Z, depending
on B, £, o, bo, a, a1, b, by, r1, ro such that the auziliary system (1.20) has a
unique solution (w, s) such that (w,Vs) € C(I, H*® H*)NC (I, L? ® H*™Y), where
I =(0,7], and such that (q,0) = (w — W, s — S) satisfies the estimates

(3.26) qlla < Yot

(3.27) | 0hq |2 < Yi 2ot

(3.28) | Ag e <Y tro7!

(3.29) | w™Vo ||g < Z tro=Alm+D) foro<m</{,
(3.30) | W™V || < Z tho 1B+ for0<m<l—1
foralltel.

Sketch of proof. The proof follows closely that of Proposition 1.6.3, part (2). We
first take 7, 0 < 7 < 1, and (g, o) satisfying the conditions of the proposition and
in particular the estimates (3.26)-(3.30) for all ¢ € I = (0,7]. We then take t,
0 < t9 < 7, and solve the Cauchy problem for the linearized system (1.26) with
initial condition (¢’,0")(t9) = 0, by the use of Proposition 1.6.1 with ¥ = 2 and
of Proposition 3.2 in [4]. Let (g ,0;,) be the solution thereby obtained. Using
Lemma 3.1, we then show that (q; , o} ) satisfies estimates similar to (3.26)-(3.30)
with constants Yy, Y/, Y/, Z’, uniformly in ¢y for ¢ € [tg, 7]. Using Lemma 3.2, we
take the limit ¢y — 0 of (¢}, 07, ), thereby obtaining a solution (¢, o) of the system
(1.26) in (0, 7] satisfying the same estimates in that interval. We finally prove that
for sufficiently small 7, the map (¢,0) — (¢’,0’) thereby defined is a contraction
in the norms of Lemma 3.2 on a suitable bounded set defined by the conditions
(3.26)-(3.30) for suitably chosen Y, Y1, Y, Z. The abstract arguments are the
same as in Proposition 1.6.2 and 1.6.3, part (2), and the only difference lies in the
estimates of (¢’,0") for given (g, o), which now involve a time derivative instead of
space derivatives only. In the remaining parts of this sketch, we concentrate on the
derivation of those estimates. We first estimate (q; , 0} ) defined above, assuming
that (¢, o) satisfies (3.26)-(3.30). Omitting the subscript to for brevity, we define

w=1dl2, wn=10dl2, y=I[A4ad]:
(3.31)
2, = || wmVo' |2 for0<m<<{ ,
Yg=Sup ¢y,  Y{=Supt'My, V' =Supt!iy
telo telo telo
(3.32)
Z'= Sup Z , Z! = Sup tAm+ =Rl
0<m<t telo
where Iy = [tg, 7]. We first estimate Y. From (3.2) (3.24) (3.26) (3.29) we obtain
0uyp] < C (a Z 2978 4 a? Yo P 1H0) oy tho=t = N(¢) tPo! (3.33)

where

N(t)=C(a Z =P 4 a? Y, tﬁ) + 7 (3.34)
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and therefore by integration
¢
yh < / dt' 7N N() < N(t) Ayt < N(¢t) to
to
so that
Y] < N(7) . (3.35)
We next estimate Y”. From (3.2) (3.3) (3.22) (3.29) (3.33) (3.35) we obtain
Y < C{yl + N(t) (14 bo + @t +t (Ve t|? + 2% 220 73F)) o1}
and therefore
V' <C{Y{ + N(1) (L +bo +a® 77 + % 7ltn 7> + Z2 7220H1735) 1 (3.36)

We next estimate Y{. From (3.4) (3.21) (3.23) (3.24) (3.26) (3.27) (3.30) and the
definitions, we obtain

O] < Cf (by #9792 4 7 0m305912) (g y) 2

1z (a Po=1-6 4 g t,\gf1/273ﬁ/2> by Y, Ao—2
+a? (Yg + Yo + V1)t 248 g ay Yy tho3/2
+a (al =T/ 4y, t”o*f’/‘*) Y/ Y’1/4} Frp o2 (3.37)
The initial condition for y; at t = t( is estimated by
Yi(to) < N(to) £5° ™" < N(to) t* (3.38)

for all ¢t € Iy. Integrating (3.37) with initial condition (3.38) and using the defini-
tions yields

vi<o{ (b r/2 4z P00 (v v P g z 210

a1 Z 302 L by Y+ a? (Y] + Yo+ Y1) 7 +aay Yo 712
ta (a7 Yy P Yy (3.39)

We next estimate Z’. It is sufficient to estimate Z) and Z;. The general case follows
by interpolation. The estimates proceed exactly as in I, with minor differences due
to the slightly different assumption made on S and to the simplification produced
by the fact that now ¢ € L (I, L>°). We obtain (see (1.6.68) and (1.6.71))

Zy<Cexp(Cbt(1—tn71)+ ZT){bZ17(1—tn7)+a Yy + 12} (3.40)

Zy<Cexp(Cbt(1—tn 1)+ ZT){bT7(l —Un TV Z+Z)+7 Z Z{+a Yy +ra} .
(3.41)
From (3.35) (3.36) (3.39) (3.40) (3.41) and from similar easy estimates of || 9;w™ Vo’ |2
that follow from (3.6) (3.6)¢ and from the previous estimates of | w™ Vo' ||2, it fol-
lows that (q;,,0;,) satisfies estimates similar to (3.26) -(3.30) with constants Y,
Y/, Y and Z’ satisfying the estimates just derived, for ¢ € [to, 7], uniformly in
to. From there on, the proof proceeds by straightforward modifications of those of
Propositions 1.6.2 and 1.6.3, part (2). Using Lemma 3.2, one takes the limit ¢ty — 0
of (q,,0%,), thereby obtaining a solution (¢’,0’) of the linearized system (1.26) in
I = (0, 7] with the same regularity and satisfying the same estimates for all ¢ € I.
This defines a map ¢ : (¢,0) — (¢’,0’) and the previous estimates prove that this
map is bounded in the norm corresponding to (3.26)-(3.30). One finally shows that
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¢ is a contraction on the set R defined by (3.26)-(3.30) for the norm corresponding
to (3.26) and (3.29) with m = 0 for suitably chosen Yy, Y1, Y, Z and sufficiently
small 7. The proof is a minor variant of that of Proposition 1.6.3, part (2) and will
be omitted.

(]
Remark 3.1. Stronger uniqueness results for the system (1.23) than stated in
Proposition 3.1 and stronger uniqueness results for the system (1.20) regardless on
whether (w, s) is an approximation of some given (W, S) can be obtained by a minor
variant of Proposition 1.4.2. For instance if (w1, $1) and (wa, s2) are two solutions of
the system (1.20) in I = (0, 7] satisfying the regularity properties stated for (w, s)
in Proposition 3.1 and the estimates

| willoo V |wilze <a

| w™Vs; |2 < blén t| for0 <m < /¢

for all ¢ € I or equivalently in a neighborhood of zero and if t =7 || w; — wy ||2 and
|| V(s1 — s2) ||2 tend to zero when t — 0, then (w1, s1) = (wg,s2). This can be
proved as in Proposition 1.4.2, part (3), starting from a minor variant of Lemma 3.2.

We now turn to the construction of approximate solutions (W, S) of the system
(1.20) satisfying the assumptions of Proposition 3.1 and in particular the estimates
(3.20)-(3.25) of W, S and of the remainders. As in II, we take for (W, S) the second
order approximate solution of the system (1.20) in an iterative scheme not taking
By into account (previously used in I), supplemented by an additional term in W
in order to partly cancel BosW in R;(W,S). Thus we define

W =wy+wiy +we = Wiy +ws , S =59+ 81 (342)

where (up to the change of ¢ into 1/t) wq, w1, Sg, s1 are the same as in I except for
a simplification of w; namely

wo = U(t)wy (3.43)
so(t):/ dt' "'V By, (wo(t'), wo(t")) (3.44)
wi () = / dt’ Q (so(t'), wo(t))) (3.45)

0

si(t) = / Cat (so(t) - Vso(t) — 201V By (wolt)un () (3.46)
while ws is the same Oas in I, namely
we =hwy h=-2t""A"! Byg . (3.47)
With that choice, the remainders become
Ry (W, S) = (1/2)Awy + i (0sh) wo + (VR) - Vwy — iQ (s, w1 + ws)
—iQ (s1, W) +t~! Bos (w1 +ws) +t~F Bg(W, W)W (3.48)
Ry (W, S) = Roo(W, S) + Ra (W, 5) (3.49)
where
Roo(W, S) = — (50 - Vsy 4+ 51 - Vsg + 81 - V1) +t 'VBg (w1, w;) (3.50)
Ro, (W, S) =t 'V By, +t VB (W + Wi, ws) . (3.51)
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The terms not involving h or we have already been estimated in I. Up to appropri-
ate minor changes and additions, the following lemma is basically Lemma 1.7.1 or
Lemma I1.3.2.

Lemma 3.3. Let 0 < 8 <1, ky >3, wy € H*™ and ay = |wy|p,. Then the
following estimates hold for allt, 0 <t <1 :

|Oywok,—2 < |wolk, = ay (3.52)

| w™ s0 |2 < C a2 <|€n t| th*'@(m*k*)) form >0, (3.53)

| W™ deso [l2 < C a’ i Alm—k )+ form >0, (3.54)
lwilg,—1 < C a3 t(1—tnt) (3.55)

|8t w1|k+,1 S C ai|€n tl (356)

|w™ 12 <Cat t{(l —nt)?+(1-tn t)t—ﬁ<m+1-k+>} (3.57)

form >0, B(m+1-ky) <1,

| w™ dysy |2 < C al {(1 —nt)?+(1—tn t)t’ﬁ(m“’k*)} (3.58)

form >0, B(m+1-ky) <1,

| @™ Rao(W, 8) ||l2 < Clay)t {(1 —tnt)*+(1—tn t)%*ﬁ(m”*’w)} (3.59)
form>0,68(m+2—ky)<1.

In order to complete the estimates of W and of the remainders, we need some es-
timates of Boy, and of h. Those estimates are the same as in II, supplemented by an
estimate of 92h. They require some restrictions on the behaviour of (FA,, FA,) at
§ = 0, which we impose as in Il in a dilation homogeneous way in terms of quantities
which have the same scaling properties as || A; H=3/27# || and || Ay ; H=5/2# ||

for some pu € (—1,1). The following lemma is a minor extension of Lemma 11.3.4
and its proof will be omitted.

Lemma 3.4. Let 0 < $ <1 and —1 < u < 1. Let (Ay, A}) satisfy the conditions

A+,I’A+, .Z’2A+ S Hl 5 A+,SCA+,I2A+ S L2 (360)
$2A+ S Hl/Q_H s .’EA+,.’L'2A+ c H_1/2_H 5 A+,$A+ S H_3/2_H ,A+ < H_S/Q_M .
(3.61),,

Let By, and h be defined by (1.17) and (3.47). Then the following estimates hold :
| ™ Boi ll2 < € #H#=Pmed2m (|| A =270 | | Ags 77270 )

(3.62)
for all m > 0,
|w™ &bl < C 32701, Y- (II | Ay HPH | 4 || ) Ay P ||)
0<j'<j
(3.63)

for 7=0,1,2 and m < 3 — j, where
Ly =1V td=Am=1/24m) (3.64)
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and
p=(m—2)V(=3/2—p), (3.65)
Ihllse < C(Ay, Ay) (3.66)

where the constant depends on (A4, Ay) through the norms in (3.60) (3.61),, not
inwvolving .

We can now state the final result on the Cauchy problem at zero for the auxil-
iary system (1.20).

Proposition 3.2. Let 0 < < 3/5,¢>3/2 and 1V B+ 1) < Ao < 3/2. Let k4
and p satisfy

Be>ho+2 . Blkat1) >N, (3.67)

B> (=B Po—1-6/2+BF-1)V0} (>—1/4) . (3.68)

Let wy € H*, and let (A, A}) satisfy (2.16) (3.60) (3.61),. Let (W,S) be

defined by (3.42)-(3.47). Then there exists T, 0 < 7 < 1 such that the auziliary

system (1.20) has a unique solution (w,s) such that (w,Vs) € C(I,H*> ® H*) N
CHI,L? @ H*™Y), where I = (0,7], and satisfying

| w(®) = Wie) s < C (ay, Ay, Ay ) £ (3.69)
| dr(w(t) = W®) ll2 VI AGw(®) = WD) ll2 < C (ar, Ay, Ay ) 270 (3.70)
[|w™(s(t) = S@) ]2 <C (a+7A+,A+) A=A for 0 <m <041 (3.71)

| ™ 3,(s(t) — S@)) ]2 < C (a+,A+,A+) Poml=Bm f0<m<e (3.72)

for all t € (0,7], where ay = |wi|x,, and the constants C(ay, Ay, A}) depend on
(Ay, Ay) through the norms associated with (2.16) (3.60) (3.61),,.

Proof. Proposition 3.2 follows from Proposition 3.1 and from the fact that (W, S)
defined by (3.42)-(3.47) satisfies the assumptions of the latter under the assumptions
made here, and in particular satisfies the estimates (3.20)-(3.25). The regularity
properties are easily seen to hold and we concentrate on the estimates. The esti-
mates (3.20) (3.21) as regards W = wo +wy and the estimates (3.22) (3.23) follow
immediately from Lemma 3.3. We estimate ws by Lemma 3.4 and possibly Lemmas
2.1 and 2.2, namely

Fwa llz < (1A l2 | wo floe < C #2210, (3.73)

lw™wa 2 < C([e™hll2 [ wolloe + 7l | 0™ wo [l3/5)
by Lemma 2.2 with 2 < r < 00, so that 0 < 0 =3/2 —3/r < 3/2,

<€ (Ll e + R o ™20 )
by Lemma 2.1,
e S c (t3/2_m l’m + t3/2_6 16) S c t3/2_m 17n (374)

for 0 < m < 3 with k4 > 3 by Lemma 3.4, provided m —3/2 < 6 < m. One can
take for instance 6 = m/2.
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We next estimate

10 wa llz < 11 9ch 12 || wo lloo + I B lls || Awg [ls < C ¢1/2 1, (3.75)
|10c Vws [la < (| 9:Vh 2 | wo lleo + [ 8:h [l2 | Veo [loo
+ I VRl | Awo lls + [ A lloe || VAwg [l < € 742 (3.76)

which completes the proof of (3.20) (3.21). We now turn to the remainders and to
the proof of (3.24) (3.25). The L? estimate of Ry has already been proved in II but
we sketch its proof again because (i) it is simpler in the present case and (ii) it is
the starting point to prove the estimate of J; R, which is new. We estimate

| Rilla < | Awy fl2 + [[9h 2 [ wo lo + || VA2 || Vwo [l

(50 loo +C IV -50[I3) (| Veor fl2 + (| Vs [|2)
+(s1lle +CUV-stlls) | VWV 2+t Boll2 | wi [l
+ 7 Bo llooll w2 [l + 7 W o | Bs(W, W) |2 (3.77)

We shall need a slightly more general estimate of Bg(W, W) than required for
(3.77). We separate

Bs(W,W) = Bg(wo,wo) + Bs(wi,wo + Wy) + Bg(we, W + W) (3.78)
and we estimate
| w™ Bs(wo, wo) || < C tP*+T1=m) 1 (|| wh+wg |2 || wo o)
< O a2 Pketimm) (3.79)
for 0 <m < ki +1, by (2.5) (2.8) and Lemma 2.2,

| w™ Bs(wi,wo +Wh) fla < € 17057 Ly (1 whly g

< wo lle + llwn o)+ | s [l s )
< Clay )tPh+=mI+1 (1 —pn t) (3.80)
for 0 <m < ki, by (2.5) (2.8), Lemma 2.2 and (3.55),
| o™ Bs(wa, W+ W1) [l2 < C 707 Io ([ ws [la (| we oo + 1| W llo))

< ¢ PAmmIF3/2 (3.81)
for 0 <m < 1, by (2.5) (2.8) (3.73), so that
| ™ Bs(W,W) |2 < C (tﬁ<k++1*m> + tﬁ<1*m>+3/210) (3.82)

for 0 <m < 1. From (3.77) (2.17), from Lemmas 3.3 and 3.4 and from (3.82) with
m = 0, it follows that

| Ry <C {W? (|tn t] + 10) + tﬁ(’”“)*l} (3.83)
so that Ry satisfies (3.24) with j = 0 provided Ao < 3/2, A\g < B(k4 + 1) and
Ao < 1+p—pB(n—1/2) (3.84)

which is part of (3.68). We next estimate 0;R; in L?. The estimate of 0;R;
is obtained from (3.77) by inserting an additional d; at all possible places and
possibly changing the exponents in the application of the Hélder inequality. If no
such change is required, it follows from (2.17) and from Lemmas 3.3 and 3.4 that
the estimate gets worse by at most one power of ¢ so that all such terms satisfy the
j =1 case of (3.24). It is therefore sufficient to consider only the terms where the
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Holder exponents have to be changed. This comes about mostly as a consequence
of the fact that dywy ~ Awg has limited regularity, and in particular is in general
not in L*° under the assumption made on k. Thus we estimate

1 0cRy |2 < [ Och [l || rwo [ls + C I VAl [VOrwoly, s

+ 7 W s | Bs (W, W) lls + 2 | Wl || Bs(@rwo, W 2}

+ other terms , (3.85)
where 3/r = ki — 3 for 3 < kp < 9/2, the only dangerous case, and r = 2 for
k4 > 9/2, and where B is defined by (2.7). We next estimate

1 0:h I3 || Dswo lls < C || w2 Dih o || VAwg |2
<Clyp<Ctro? (3.86)
for ky > 3,
I Vh Iy [Vwoly, —5 < l&™/275 hilz fwolk,
<Ottt <ot (3.87)
for /\0+2 < k+ < 9/2,
oW fle | Bs(W, W) [ls < C 71 || VOW |z || !/ Bs(W, W) |l
<Ct3? (tﬁ(’”“m + ¢(A+3)/2 10) < C tho2 (3.88)
for A\g > B(k4 + 1), by (3.76) and (3.82) with m = 1/2,

t=1 || Bs(0ywo,wp) [l2 < C ¢~ HFAKR==1) I’“rl( | w*wo fl2 | wo [|so

+ || Awo |2 || @™ 2w ||oo) < OBk < o o= (3.89)

for ky > 2 and Ay < (ks — 1) + 1. The last condition for k; > 2 follows from
Ao <3/21if f>1/2 and from A\ < Bk +1)if 8 < 1/2.

7 || Bs(ywo, w1 +wa) [l2 < C t702 1 o (1] Bywo 6 || wi + w2 [|2)
< C tP/? (1 —ln t+t1/? 10) < C ro2 (3.90)

where the last inequality is largely satisfied for A\g < 3/2. From (3.85)-(3.90) and
the fact that the other terms in (3.85) are correctly estimated by the previous
remark, it follows that R; satisfies the estimate (3.24) for j = 1.

The estimate (3.25) of Ry is the same as in IT and we briefly recall its proof for
completeness. From (3.59) it follows that R satisfies (3.25) provided Ag < 2 + .
We next consider Ry, defined by (3.51). For m > 0, we estimate

41 H wm—HBOL H2 < C HiHn—pm+5/2+p) <C Po—1=pm (3_91)
by (3.62) provided
B(B/2+p1) <24+ p— Ao (3.92)
which is half of (3.68), and
W TEBL(W A Wi, wa) [l2< 67 T (| WA+ W [loo || w2 |l2)
< O tY2Am 1y < ¢ o tAm (3.93)
under the condition (3.84) which is the other half of (3.68). This completes the

proof of the estimates (3.20)-(3.25) and therefore of Proposition 3.2.
O
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Remark 3.2. The parameters 3, £ Ao, k+ and p play the same role and basically
satisfy the same conditions as in II. The parameter 3 fixes the splitting of B into
long and short range parts and thereby fixes the auxiliary system (1.20). The pa-
rameters ¢ and g fix the function space where that system is solved. The regularity
of w is already fixed, ¢ fixes the regularity of s and \g fixes the rates of convergence
in time. The parameters k4 and p fix the regularity of w; and the vanishing of
(FA.,FA,) at £ = 0, which have to be sufficient, as expressed by the lower bounds
(3.67) (3.68). The condition (3.68) is the combination of (3.84) (3.92), which coin-
cide with (I1.3.81) and (I1.3.82) respectively, with equality allowed and with Gy = .

Remark 3.3. The conditions on the parameters become simpler in the special case
£ = 1/3 which optimizes (3.68). If one takes in addition 3/2 < ¢ < 2, the remaining
conditions reduce to

1</\0<3/2 R k+2)\0+2 s /,&2(3/2)/\0—7/4(>—1/4). (394)

Remark 3.4. The condition k4 > Ay + 2 is used only to estimate the term
Vh - 9;Vwy in the estimate of 9;R; in L? (see (3.87)). Everywhere else the con-
dition k4 > 3 is sufficient. The latter condition would also be sufficient for that
term if one were using a better estimate of | VA ||« than follows from (3.63) and
Sobolev inequalities (see Proposition 7.4 in [4] for estimates of this type).

We finally comment briefly on the condition (3.61), which restricts the be-
haviour of (FA+,FA+) at £ = 0. That condition can be ensured by assuming
sufficient decay of (A+,A+) at infinity in space, possibly supplemented by some
moment conditions. We refer for details to the discussion at the end of Section 11.3,
from which we extract the following minor variation of Lemma I1.3.5, which is typ-
ical of the situation.

Lemma 3.5. Let —1/2 < i < 1. Let (A4, Ay) satisfy (3.60) and in addition

z2 Ay € L2V3/(ut) , x2A+ , A4 € L3/ (2w
<g>trre A e ! ,/A+ de =0,
Ap zA, € LG forpu <o,
/A+dq::/x/1+dx:0 , <ax>ttT A el! forp>0,
for some € > 0. Then (3.61),, holds.

4. Wave operators and asymptotics for (u, A)

In this section we complete the construction of the wave operators for the
system (1.1) (1.2) and we derive asymptotic properties of solutions in their range.
The construction relies in an essential way on Proposition 3.2. So far we have
worked with the system (1.20) for (w,s) and the first task is to reconstruct the
phase ¢. Corresponding to S = sg + 51, we define ¢ = o + 1 where

(4.1) @0 :/t dt’ '~ B, (wo(t"), wo(t"))
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(4.2) ©1 :/0 dt'(1/2)|so(t)|? —2/ dt' 71 B (wo(t'),wi(t)) ,

0
so that so = Vg and s; = V.

Let now (w, s) be the solution of the system (1.20) constructed in Proposition
3.1 and let (¢,0) = (w,s) — (W, S). We define*

)= / dt'(1/2) (o - (o +285) + s1 - (51 + 250)) (¢)
(4.3)

t
7/ dt' =" (Bor + Br(q,q) + 2BL(W, q) + Br(wi,w1) + BL(W + Wi, wy)) (t)
0

which is taylored to ensure that Vi = o, given the fact that s, s and o are
gradients. The integral is easily seen to converge in H' (see (1.8.4) and (3.91)-
(3.93) with m = 0), and to satisfy

(4.4) IV la=lol<Cth.

Finally we define ¢ = ¢ + 1 so that Vi = s, and (w, ) solves the system (1.18).
For more details on the reconstruction of ¢ from s, we refer to Section 8 of I.

We can now define the wave operators for the system (1.1) (1.2) as follows. We
start from the asymptotic state (uy, Ay, A,) for (u, A). We define wy = Fu,, we
define By by (1.4) (1.13), namely

Ag = K(t) Ay + K(t) Ay =t7" Do(t) Bo(1/t)

and we define (W, S) by (3.42)-(3.47).

We next solve the system (1.20) with initial time zero by Proposition 3.2 and we
reconstruct ¢ from s as explained above, namely ¢ = g+ 1+ with ¢g, ¢1 and ¥
defined by (4.1) (4.2) (4.3) with (q,0) = (w, s)— (W, S). We finally substitute (w, ¢)
thereby obtained into (1.11) (1.3) thereby obtaining a solution (u, A) of the system
(1.1) (1.2). The wave operator is defined as the map Q : (uy, Ay, A) — (u, A).

We now turn to the study of the asymptotic properties of (u, A) and in par-
ticular of its convergence to its asymptotic form (u,, A,) defined in a natural way
(compare with (1.3) (1.11)) by

(4.5) wat) = M(t) D(t) exp (i6(1/t) W(L/t)
(4.6) Au() = Aot) + A1 (D) W(1/8)2).

In order to compare u with u,, we need some estimates of the difference exp(—ip)w—

exp(—ig)W. The following lemma is based on part of the estimates of Proposition
3.2 but does not assume that (w, Vi) is a solution of the auxiliary system (1.20).

Lemma 4.1. Let 0 < 8 <1, Ag>1,0< 7 <1and I = (0,7]. Let W €
C(I,H*)NCY(I,H"Y) satisfy (3.20) (5.21) and

(4.7) | AW ||z < ay t71/2

forallt € I. Let (w,V) € C(I, H*®HY)YNCY(I, L?® L?) (with 1, Opp € C(I, LY))
satisfy the estimates

(4.8) lw(t) = W(t) [l2 < C

*We take this opportunity to correct an omission in II, where the terms Byr, and Br(W +
W1, w2) are missing in (I1.4.3). This has no incidence on the rest of II.
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(4.9) | 2c(w(t) =W @) ll2 V|| Alw(t) =W (D) 2 < C
(4.10) | VL () [|o < C 77 forjm=0,1, j+m <1
foralltel.
(1) Let f = exp(—ip)w — W. Then the following estimates hold for allt € I :
(4.11) @)l <C
(4.12) 10ef (@) 2 v | Af() 2 < C ¢t
(2) Let ¢ € C(I, W2)NCYH(I,L>) satisfy the estimates
106 lloo < C 71
(4.13)
Ve loo V I A¢ o <C(1—tnt)

forallt € I. Let p = ¢+ and g = exp(—ig)f = exp(—ip)w —exp(—ig)W. Then
the following estimates hold for allt € I :

I g(t) 2 <C (4.14)
| 8:9(t) ll2 V|| Ag(t) [o < C " (4.15)

Proof. Part (1). We write
f = (exp(—it) = Dw+w—W

and we estimate
[flle<l¥lellwls + w=W]2

S COIVE e lwls + w=W |2 <Ct.
Next
Orf = —iexp(—i) (O)) w + exp(—i)) 0 (w — W) + (exp(—ip) — 1) O W
so that
[0cf ll2 < 1O lle llw s + (| Oc(w—=W)lla + ¥ lls | W |l
<C (t,\o—l +t*°_1/2> < O o1

by (3.20) (3.21) and (4.8)-(4.10).
Finally

Af = —exp(—i) (iAY + |VY|*) w — 2i exp(—iy)) Vi) - Vw
+exp(—ip) A(w — W) + (exp(—iyp) — 1) AW
so that
FAf < (TAY 2 + [V IE) 1wl + 20V s | Vool
+ A=) ll2 + 19 [l [| AW I2

<C (t)\o—ﬁ 1 2A0-36/2 4 ypro—1 4 75,\0—([3+1)/2> < O o1
by (3.20) and (4.7)-(4.10).
Part 2. (4.14) is obvious. Next

10eg ll2 < 1106 llo || fll2 + 11 0ef l2 < C 2
IAglz < (120 1le + IVOIZ) 1fllz +201 Voo I VFll2 + [ AFIl2
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<C (tAO(l —n t)2 4+t V2(1—tnt) + t*o—l) < C ot
O

In order to state the asymptotic properties of u, it is convenient to use the
related function (compare with (1.7) (1.11))

u(t) =U(=t) u(t) = M(t)*F* exp (ip(1/t)) w(1/t) (4.16)
and its asymptotic form
Ua(t) = U(=t) ua(t) = M(t)"F" exp (ip(1/t)) W(1/t) . (4.17)

We can now state the asymptotic properties of (u, A).

Proposition 4.1. Let 0 < § < 3/5, £ > 3/2 and 1V (L +1) < Ay < 3/2. Let
ky and p satisfy (3.67) (3.68), let wy = Fuy € H*, let (AL, AL) satisfy (2.16)
(5.60) (3.61),,. Let (W,S) be defined by (3.42) (3.47). Let (w,s) be the solution
of the system (1.20) in (0, 7] obtained in Proposition 3.2 and let I = [T, 00) where
T=7"1 Let p = o+ p1 and ¢ = ¢+ be defined by (4.1)-(4.3). Define (u, A)
by (1.8)-(1.5) (1.11), define (uq, Ag) by (4.5) (4.6) and (W, uy) by (4.16) (4.17).
Thenu € C(I, FH?)NCY(I,L?), A€ C(I,H')NCY(I,L?), (u, A) solves the system
(1.1) (1.2) in I and (u, A) behaves asymptotically in time as (uq, Ag) in the sense
that the following estimates hold for allt € I :

| &F(t) = @) ll2 < € (ap, Ap, Ap) 7 for j=0,1,  (418)
| 220 = Ta(t) o < € (ar, Ag, Ay ) 7204 (4.19)

| ut) —uat) ||r < C <a+,A+,A+> FRHIM/2 o9 < p <o (4.20)
Furthermore A — A, € C(I, H®) and the following estimates hold for allt € I :
| AW = Aalt) 12 < € (ag, Ay, Ay ) ¢720F12 (4.21)

| ™ (A) = Aa(t) 12 < C (g, Ay, Ay ) 47207127002 (14 4m/23/0) (4.22)

for 0 < m < 2. Here ay = |wy|p, and the constants Clay, Ay, AL) depend on
(Ay, Ay) through the norms associated with (2.16) (3.60) (3.61),,.

Proof. The regularity of u follows immediately from that of (w,¢) implied by
Proposition 3.2, from the definition of ¢, from (4.16) and from the commutation
relations
22 M*F* = —M*F*A
(4.23)
M F* = M*F* (i0,+ (22) ' A)

The estimates (4.18) (4.19) follow from Lemma 4.1, more precisely from (4.14)
(4.15) and from (4.23) again, once we have verified the assumptions of that lemma.
Now (4.7) follows from Lemma 3.3, especially (3.52) (3.55) and from (3.74) with
m = 2. The estimates (4.8) (4.9) are a rewriting of (3.69) (3.70), while (4.10) is a
special case of (3.71) (3.72) with m = 0, 1. Finally (4.13) follows from the definition
of ¢ and from Lemma 3.3, which implies that

o™ ¢, < CA—tnt) (4.24)
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o™ o 2 < Ct7
for 0 <m<3<k,.
The estimate (4.20) follows from the fact that
u(t) —uq(t) = M(t) D(t) g(1/t) (4.25)

where ¢ is defined in Lemma 4.1, so that for 2 <r < oo

| u(t) = ua(t) [l = 2 | g(1/8) |,
< CH00 g1/t " | Ag(1/h) 57 < ¢TI0 (4.26)
by (4.14) (4.15).
The regularity properties of A follow immediately from the assumptions on

(A, Ay), from (1.13)-(1.15) and from the regularity of w implied by Proposition
3.2. In order to derive the estimates (4.21) (4.22), we note that

A(t) = Aa(t) = 71 Do(t) Ba(g,q+2W)(1/1) (4.27)
with ¢ = w — W. We estimate
I Bi(g.a+2W)(®) |2 < CIi(lallz llg+2W [|ls) < Ot (4.28)

by (2.8) and (3.69),
| Bulg,q+2W)(®) o < € In( 1w 2 Il 4+ 20 [l

+ gz o™ wo llags + 11 qlloo (I @™wr llz + || 0™ we ||2))

by (2.8) and Lemma 2.2, with 0 < § < 3/2,
e, (#0*’"/2 4 R0=8/2 | pho—3/4 (t(l —lnt)+32m 1m))
for 0 <m < 2and § > m — 3/2, by (3.69) (3.70) (3.52) (3.55) (3.74),
<O o/ (1 + t3/4*’"/2) . (4.29)

Combining (4.28) (4.29) with ¢ changed into 1/t and (4.27) yields (4.21) (4.22).
O

We conclude this section with some comments on the relation between this
paper and I, II. In all cases the regularity of w includes w € C(H*), with 1 < k < 2
and a support condition on Fuy in I, and with 1 < k& < 3/2 and no support
condition in II. The present paper covers the case k = 2 with no support condition.
In II, the correction term wsy allowing to eliminate the support condition could be
omitted in the statement of the final result (see Proposition 11.4.1, part (3)) because
wo satisfies the same estimates as ¢ (namely (11.4.8) (I1.4.9) with ¢ = w—W). This
is no longer the case here, and ws has to be kept in the final result. The reason is
that whereas || ws ||2 and || Qyws ||2 are estimated as || g ||2 and || 0:q ||2, we have
only || Awy || < Ct~Y/2 by (3.74), as compared with || Aq ||o < Ctro— L

We finally mention two minor differences in the statement of the asymptotic
properties of u. In I, IT we have used the operator J = x + itV and norms of the
type || |J(t)|*u ||2. By the commutation relation

Jt)=U(t) z U(-t)
this is equivalent to || |z|*% |l2. We have used % in the present paper because it
allows for simpler statements when considering time derivatives. The second minor
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difference is that in I, IT we have stated the convergence of u to u, in terms of
exp(i¢)(u — ug) instead of u — u,. We could as well have stated them also in terms
of u — u, by using a suitable variant of Lemma 4.1, part (3). This possibility arises
mainly because the WS system belongs to the borderline long range case, where
the correcting phase ¢ is only logarithmic.
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