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ABSTRACT. We show ill-posedness of the Cauchy problem for the Dirac-Klein-
Gordon system in one spatial dimension with some indices of the Sobolev
spaces which the initial data belong to. By combining with the existing pa-
pers [10, 11], we define the entire range of those indices for well-posedness or
ill-posedness with the exception of one point. At this point, it is still unsolved
whether well-posedness holds or not with respect to Sobolev spaces. We intro-
duce one solvability for the problem of this point by giving the result of the
unique existence of solution in the corresponding Lebesgue spaces [16].

1. Introduction

We consider the Cauchy problem for the Dirac-Klein-Gordon system:
(1790 + 1100 + map = ¢,

(1.1) (07 = 0%+ M*)p = vy y,

¥(0,2) = o(z), ¢(0,2) = ¢o(x), %¢(0,2) = ¢1(2),
where 1) = (ﬁ;) : R — C% and ¢ : R'™ — R are unknown functions of
(t,r) € RYL oy = (ig;) : R — C? and ¢g,$1 : R — R are given functions of

x € R, m and M are nonnegative constants, and ~p,y1 are 2 x 2 Hermitian matrices

web 0 - 3)

which satisfy the anticommutation relations which leads (ig0; + v10.)? = (=07 +
02)1,, where I is the 2 x 2 identity matrix, 1)* denotes the conjugate transpose of
1.

In this paper we are interested in well-posedness of this problem, mainly, with
respect to the Sobolev spaces:

(1.3) (W(t,-), (t,-), 0:0(t,-)) € H*(R) x H"(R) x H™"(R), 0<t<T
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with some positive T'. We consider defining the region (s, 7) € R? for well-posedness
and for ill-posedness of this Cauchy problem. There are a lot of results on this
problem (see [4, 13, 6, 7, 2, 3, 14, 8, 15, 10] and references cited therein).
As the latest and best result for well-posedness, in [10] Nakanishi, Tsugawa and
the first author proved that (1.1) is well-posed in H*(R) x H"(R) x H"~}(R) if
Is] <r <s+1and (s,r) # (—=1/2,1/2). They also proved that (1.1) is ill-posed
if s > max(r,0) or r > max(s + 1,1/2). Subsequently, the authors [11] extended
the ill-posedness result with the additional range satisfying s < 0,7 < 1/2 and
s+ 7 < 0. Therefore the following two lines in (s,7) € R? have been left unsolved:

o s<—1/2, r=1/2,
e s=0, r<0.

The following is the main result in this paper.

THEOREM 1. Let (s,7) € R? be on the either lines s < —1/2, r =1/2 or s =
0, 7 < 0. Then the Cauchy problem (1.1) is ill-posed in H*(R) x H"(R) x H"~(R),
more precisely, the solution map of (1.1) is discontinuous.

Here we give several remarks on this theorem. In the proof, we will show ill-
posedness in H*(R) x H"(R) x H™1(R) with s = 0, 7 < 0, and independently with
s < min(—7,0). The latter range includes the line s < —1/2, r = 1/2 which is
for Theorem 1. These two ill-posedness mean that the solution map of (1.1) from
H*(R) x H"(R) x H™"1(R) to C(R; H*(R) x H"(R) x H™}(R)) is discontinuous.
Here we recall the previous work in [11] which showed an ill-posedness result for
the index s < min(—r,0) and r < 1/2. We remove the condition < 1/2 from the
earlier work [11] to have the current result in this paper. In [11] the authors did
apply a similar argument as in the paper by Bejenaru and Tao [1] in which the
well-posedness in H*(R) x H"(R) x H™ }(R) with —1/2 < s = —r < 0 played an
important role for the proof. However, the same argument does not work to show ill-
posedness in H*(R) x H'/2(R) x H~'/2(R) with s < —1/2 because well-posedness in
H~'2(R) x H'/?(R) x H~/?(R) has not been obtained, that is still open problem.
Therefore we need another technique. Iwabuchi and Ogawa [9] showed ill-posedness
in H*(R?) with s < —1 for the Schrodinger equation with quadratic nonlinearity in
two spatial dimension even in the situation well-posedness in H ~!(R?) is unknown.
We apply thier technique, with some modification, to our problem. Indeed the
fact that the Klein-Gordon equation is a second order differential equation with
respect to t causes some difficulties to show well-posedness in the modulation space,
although the easier treatment for the first order differential equation (Schrodinger
equation) in the modulation spaces which was shown in [9]. We apply the argument
in [9] not so directly. Moreover we use the fact that the Dirac-Klein-Gordon system
can be reduced to the single Dirac equation with a potential if the initial data satisfy
some special conditions (see [4] and [13]). We consider ill-posedness for this single
Dirac equation. We extract the worst part of the Dirac equation with a potential,
which is easier than the Dirac-Klein-Gordon system. We also use this observation
to show that the Cauchy problem (1.1) is ill-posed on the line s = 0,7 < 0.

For the case (s,7) = (—1/2,1/2), the worst interaction occurs in the nonlin-
ear part of the Klein-Gordon equation. Indeed, Nakanishi, Tsugawa and the first
author proved in [10] that an irregular flow map exists. Furthermore, the same
iteration argument as in [10] works for the reduced Dirac equation with initial data
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(Yo, ¢o, 1) € H-Y/2(R) x HY/?(R) x H-'/?(R). Accordingly, our argument is not
effective to consider ill-posedness at (—1/2,1/2).

Even with Theorem 1, the one point (s,7) = (—1/2,1/2) € R? is still open
for well-posed or not for the Cauchy problem (1.1) in the Sobolev spaces H*(R) x
H"(R) x H™~!(R). Shiota [16] reported an interesting result which corresponds to
the problem of this point. We have decided to introduce this theorem in this paper
because this is from Shiota’s Master’s Thesis written in Japanese and we thought
this will never be published anywhere else. We also introduce the proof of this
theorem in section 5.

THEOREM 2 (Shiota [16]). For any initial data (1o, o, $1) € L (R) x L= (R) x
LY(R), there exists a time local unique solution (1, $) € C([0,T]: L*(R) x L>°(R))
to the Cauchy problem (1.1). Moreover the solution map is continuous.

We remark that L'(R) x L>®(R) has the same scale as H~/2(R) x H'/?(R), in
the meanwhile, unfortunately it is difficult to compare those two well-posed results
since there is no inclusion relation between L' (R) and H~/2(R), or between L>(R)
and H'?(R).

2. Preliminary

Here we introduce the work by Chadam and Glassey [4], and also Ozawa and
Yamauchi [13]. They found the following conservation law for the Dirac-Klein-
Gordon system (1.1):

/ [1(t, ) — %(t, x)|2d:c = / [1o,1(x) — ng(x)|2dx, t > 0.
R R
Therefore if we set the initial data as follows

(2.1) Yo,1 = to,2,
then we have vy (¢, ) = 1s(t, z) for almost everywhere z € R and any ¢ > 0. On
the other hand, we calculate the nonlinear term of the Klein-Gordon equation in
(1.1) with the matrix in (1.2),
(2.2) Py = |1/)1|2 - |1/)2|2,
and so we have (¢¥*7%)(t) = 0, t > 0 under the initial condition (2.1). We
denote by Kj; the evolution operator for the free Klein-Gordon system, that is
o = Koo, ¢1] satisfies

0F =0+ M*)p =0, (0,2)=¢o(z), 3p(0,2)= ¢1(z).
By using this, under the condition (2.1), (1.1) can be reduced to the following
inhomogeneous but linear equation with respect to unknown functions:

(2.3) (i700¢ +710:)0 +map = Ko, d1]v, (0, x) = o(x).

We denote by S, the evolution operator of the Dirac system. Then, (2.3) is equiv-
alent to

(2.4) U(t,x) = Sy (t)o(x) — i70/0 S (t — ') (Ko, p1]00) (¢, z)dt'.

We shall write Wy, ¢, [¢] for the right hand side of the equation (2.4), and show
below that this map is a contraction for a proof of the existence of solutions in
the scaled modulation spaces. After this, we investigate the norm inflation or the
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discontinuity of the solution maps with respect to those solutions in the Sobolev
spaces for Theorem 1. These arguments were used for ill-posedness for Schrodinger
equations ([9]) and the massless Chern-Simons-Dirac system ([11]).

We introduce the definition and some properties for modulation spaces. For
more information, see Feichtinger [5].

DEFINITION 3. Let A be a dyadic number. Define the space Ma(R) = (M3 ;) a(R)
as the completion of C§°(R) with respect to the norm

£z =D Il e2 -1y a.(k41) 4))-
kEL

The following embeddings and bilinear estimate are well-known (see, for exam-
ple, [5, Section 6]).

PROPOSITION 4. (1) HY?%5(R) — Ma(R) ~a M;(R) — L2(R).

(2) There exists a constant C' > 0 such that for f,g € My
1 £gllara < CAY?|| fllarallgllara
holds.

We may say the modulation space is a Banach algebra from the property of

(2) in this proposition. This property will be useful for the proof of the contraction

mapping principle for our problem. Now we give the well-posedness for DKG (1.1)
in the modulation spaces under the special condition for the initial data (2.1).

LEMMA 5. Let A € 22, Then, the Cauchy problem (2.1)-(2.3) is locally in
time well-posed in Ma(R), where the existence time T depends on the initial data
(¢o, 1), but does not depend on the initial data 1.

We remark here, actually the Cauchy problem (2.1)-(2.3) is time globally well-
posed in M4(R) since, as we see (2.3), the problem consists of the linear equations
for ¢ with the function Kps[¢o, ¢1] which is the definite (time global) solution
for the free Klein-Gordon system. We mean by 7" here an existence time for the
contraction mapping argument applying to this problem below.

PROOF. We use the following notation in this paper: For a function u(t) : R —

X with some function space X for the variable z, and 1 < p < o0,
1

T P
Mu;x—(/o |u(t,-)|§(dt> :

We consider the restriction 0 < 7" < 1. From Definition 3, it is easy to have

K [bo, 1]l Lgenea < Clldollars + [161llars),  11Sm (@) F(lgenra < CllF|asa-
From those and Proposition 4, we have

Ml Loeara < lltbollara + CT Knr[do, d1]0] Los ara
< |loll + CTAY2| K i (o, 1] | oo nra 9] 122 nra
< |loll + CTAY2(|lgollata + lld1llar) 18]l 5o as-

We can similarly estimate the difference as follows:
19 = ¥ llLgemra < CT [ Knr[bo, $1) (v = ¥l Lgonra
< CTAY2(|lgollars + 191llara) [ = ¢l Lgeara-
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Let T satisfy the bound
(2.5) CTAY(||gollars + lld1llara) < 1/4.
We define the iteration space Xrp:
Xp:={¢ € C([0, T}; Ma(R)) : [l Lgena < 2([0l[a24}-

We have shown that the flow map Wy, 4, is a contraction mapping on X7 for
(60, #1) € Ma(R)%. We obtain a fixed point of Wy, 4, which is a solution to (2.3).

Next, we show that Wy, 4, is continuous with respect to (¢o, ¢1,%0) € Ma(R)3.
Assume that

bon — G0, P1n — b1, Yon — Po  in Mu(R),

and v, satisfies (2.1). Let ¢, = Wy, 4, [Yon], ¥ = ¥gq.¢, [¢0]. From (2.5) and
the estimates as above, we have

[¥nllognra < 20[Yonl < 4lvoll,  [19llLg s < 2ol
for sufficiently large n. Since the difference v,, — 1) satisfies

(1%00¢ + 7102 +m) (Y, — )
= Kn[bo,n, P1,0](n — ) + Knr[don — ¢0, d1,0 — G110, (¥ —1)(0, )
= 1/)0,71 - 1/)05

it is similarly handled:

||1/)n _1/)||L7°~°MA

< |W)0,n - 1/)0||MA + CTA1/2 (HKM [¢0,n; ¢1,n]||L§S’MA ||1/)n - 1/)HL%"MA
+Epr[don — dos d1,n — d1)ll Lo nsallll Lo nrs)

< lvo,n = vollars + CTAY? ((I6ollara + I d1llara)[9n = Gl ara
+2([l¢o.n — Gollazs + 61,0 — dallar,)l1Pollars)

1

< ||1/)0,n - 1/)0||MA + ann - 1/)HL%"MA

+ 2CTA1/2(||¢0,71 - ¢0||MA + ||¢1,n - ¢1||MA)||¢0||MA5

which leads to the following estimate.

||1/)n - 1/)HL%"MA
<4 _ 2CT A2 (|| — -
=3 ||1/)0,n /¢)0||MA + (||¢0,n ¢0||MA + ||¢1,n (bl”MA)HwOHMA .

We therefore obtain the continuity of W4, 4, with respect to g, ¢o, and ¢;. O

REMARK 6. From Lemma 5, we have the following expansion:
(2.6) = ™ in LFMy,
k=1
where (1) := S, (t)hy and

t
1/)(k) = _170 / Sm(t - t/)(KM [(bOa (bl]w(k_l))(t/)dt/a k= 25 35 s
0

Here T satisfies the inequality (2.5) which is defined by ||¢o||asr4s [|¢1]|ar,- The fact
that T does not depend on the initial data 1y will be important in the next section.
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We will treat the sequence of initial data 1 ,, whose norm of the Modulation space
goes to infinity [[1o nllar, — o0.

1 1
3. Proof of Theorem 1 with s < 3 r= 3

In this section we give a proof of ill-posedness for s < min(—r, 0) which includes
the line s < —1/2,7 = 1/2 as we desired. We firstly consider the massless case
m = M = 0. By putting

Ut =11 F 2,
we rewrite (2.3) as follows:
(Or £ 0z)usr = —iKo[go, p1]ur, us(0,2) = ut o(z).

U= ahy = T2 we have

From 1 =

P00 = a2 — fal? = (s +u P~ s — ) = Ry,
Here, the condition (2.1) is equivalent to
Y1 =y = uy +u_ = Uy + U = Ruy = —iSu_ <= Ruy = Ju_ =0.
We rewrite Suy and Ru_ by uy and u_ respectively, and (2.3) is equivalent to
(3.1) (O £ O0z)usx = FKo[do, p1]uz.
We define by ugf ) the k-th iteration part:

t

wD(t,2) = s oz T ), uP(t,) = :F/ (Kolgo, 61 Jul ™) (¥, F (t — )t
0

We take the initial data as follows

Ut,0 = (1Og N)ilNis]:il[XIN]a U—0 = Oa

¢o = (log N)"'NT"F ' [xry], &1 =0,

where Iy :=[-N —1,—-N +1JU[N — 1, N + 1]. A direct calculation shows

(3.2)

lusollzzs ~ llgoll s ~ (log N)~H,
and they go to 0 as N — oco. We also have
lutollar, ~ Qog N)T'NT*, [lgollar, ~ (log N)™'N7".

Here ||u4,0lla, goes to infinity as N — oo although it is not so troublesome as we
will see below. We see also ||¢ol|as, goes to 0.
We use the expression of Ky[¢g, 0] to have

9 1 t t
u?(t,z) = 5 (/ (dour0)(x +t — 2t")dt' + ¢o(x + t)/ Upolz+t— 2t’)dt’> .
0 0

Then we have its Fourier transform
Flu?)(t,€)

= % (/ =28 4 Flpou o) (€ +/ e 77)/ =204 G0 (¢ — m)ago(n )d77>
0

1 . e—2it§ -1 e—21tn _ 1/\
= §€lt£ (f ¢Ou+0 +/ ol 5 n)u+ 0( )d77> .
— ’L§
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We estimate the each terms for ¢t <1,

H<§>S

—24t& 1
S > tN~(+) (log N) 2,
—2i€

L2([-1,1))

Floouy 0](&)

< NTINTEF) (log N) 2.
L2([-1,1))

o= 2itn _
i@ [ o tante -~ nazatmar

Therefore we get
33)  [u e = 1 Fu®It, M2y 2 (= N"HN=E) (log N) 2

for tiN > 2.
We show the following by induction argument

k _
(3.4) 1w, lan < (Ctldollan)* Husollan, *=1,2,3,...

This estimate with & = 1 is obvious. Assuming that (3.4) holds up to k — 1, we
have

t
k k—
10, Y, < / 1 Eoldo, 016t ) ansd’

t
<c / 1 Eoldo, 01t Yan Jlul =D, Y and’
0

< (CtH(bOHMl)kil||u+,0||M1a

which concludes that (3.4) holds for any positive integer k.
Owing to (3.2) and (3.4),

1w (¢, Y lar, < (CEN"T(log N) ™ )EIN=*(log N) .
We get for s <0

1l e < 1CPFl (@, ) e < sup(€)° x |1F T, e

k . CN\E—1r—s _
< [uf (¢, llas, < (CENT"(log N)™)* ' N~*(log N) ~".
Let T'=1. For r > 0, from

(3.5) TN "(logN) ' <« 1
and Lemma 5, the well-posedness in the modulation space M;(R) holds. Further-
more, by

> sz < Y (ON T (log N) ™) AN " (log N) ™ ~ N~**"(log N) ™,

k=3 k=3
(2.6) and (3.3) yield

2 1 k
lulzge e + luslpge e > WP Npge e — IS pgeme = S Il pge e
k=3
> N~ (log N)™2 — (log N)™t = N~*"2"(log N)~*
~ N_(S"'T)(log N)72,

which leads the norm inflation if s < 0, 7 >0, s+ 17 < 0.
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As we mentioned in Introduction, we may also apply the same argument above
to the problem in the range s < 0, r < 0, where we take r’ € R satisfying s < —1’ <

0 and initial data
(3.6) uyp o= (logN)"'"N*F xr,], u_0=0,
' ¢o = (log N)'N~"F ' [x1,], ¢1=0.

Then we have
ol - ~ N™" (log N) 1,

and the norm of the solution diverges.

We next consider the massive case m > 0 or M > 0. By Lemma 5 and
M;(R) — L*(R) — H*(R), the difference of the solutions between massive and
massless cases is small (see, for example, [12]). It shows that the norm inflation for
the massive case, which concludes the proof.

4. Proof of Theorem 1 with s =0, r <0

We only consider the massless case because the difference of the solutions be-
tween massive and massless cases is small by a similar argument as in §3. We take
the following initial data:

(41) Uy =0F xj—11y], u—p0=0,
' do,n = 0F ' [X(-N-1,-N+1juN—1,N+1]], 1 = 0.

Let (ut n,¢n) be the solution to (3.1) with this initial data. A direct calculation
shows

lutollLz ~ 6, lldonllez ~ 6, [lgonlar ~ONT,

which yields ¢pg vy — 0in H"(R) as N — oo if » < 0. Let (u4, ¢) be the solution to
(3.1) with (u4,0,0,0,0). We may write those by

up(t,r) =ugpo(z—1t), u_(t,x)= ¢t z)=0.

We will study the difference of those two solutions (uy n,¢n) and (ui, ). We
have the following condition for the initial data

(42)  |lus,n(0,0) —ux(0,9)[L2 =0, [|on(0,-) = &(0,-)||mr ~ N
By setting

uD(t,2) = uy(t,2) = uo(z — 1), v (t,2) = ufy (t,2) = 0,
t
W (t, ) = / (onuD) (2 + (¢ — £))d,
0

1 2
and v4 y = Ut N — ui) — ui)N, we have

(Or £ 0z )ve, N = FoN(ug,N — UgFl)) = FoNvE N F ¢NUJ§F27)N, vg,n(0,-) = 0.

We follow the argument in [10, §2.5]. There they wrote the variables o = ¢ +
x, =t —x and used the smooth cut-off function x7(«, 3) which is supported on
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la] 4+ |3] < T. In a similar way to [10, (2.82)], we estimate
xr(a, 5)U+,N||L§,Lgo
S lxer(e, B)(@nxr(a, B)v-x + énxr (e, Bu®y)ll s
S Ixer(e, B)on 2 2 (Ixr (e Ao wlloz ez + [er(e, B)u@ylloers)
S OTY2(|xr (e Bo- w ez ez + [xar(as B)én 1z zllxer(a, BJul | L2 )
S ST (|Ixr (@, B)o- wllnz o +TY/%6%),

The estimate for the opposite sign follows in the same manner, and then the sum
of them satisfies the following, for sufficiently small §7°%/2,

Ixr(e, B)ve vz re + Ixr(e, Blv-wlrary S T6°.
We use the boundedness for (¢,2) norm by (a, §) norm (see (2.84) in [10]) as
(4.3) lorvllogre + lv-wllgrz S llve iz e + - nllzry < T
On the other hand, by the expression
u(j)N(t, x) =

1 t t
3 (/ (Po.Nu+.0)(z+t—2t")dt' + do n(x + 1) / utpolx +¢— 2t’)dt’> ,
0 0

we get

Flu®yl(t,€)

1 b '
=5 ([ e Flon ol
0
t
+/w@m/ewﬂmw%w@—mﬁwmm)
0

1 ite 672it§ -1 6721'157] 1 — -
=3¢ Tigf[fbo,Nqu,o](@ + TM%,N@ —=mn)uzo(n)dn | .
From (4.1), we have for 0 < ¢t <T <1

IFu® 1, €)

1 6721'157] 1 — - 672it§ —1
> 3 (| [ ot dote - mimanan| - [ Flonwuaie))
—2in —2i€
1
> t6* (X[Nl,N+1] (€) - N X[=N=2,~N+2JU[N—2,N+2] (5)) ;

which yields
44) [Pyt )z > 1F PN ) av—, v 2 0% (1= N7 > 162,
Now we estimate for

(2)
U+ N — Ut = vi>N+u:|:,N

by using (4.3) and (4.4) as follows

u v (t, ) = ue (8, e = [uPp(t ez = oo x| ez > C1td* — Cats®.
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Here with small § > 0, we may say that the right hand side is positive, that is
C1t6% — Cytd® > 0, for any positive ¢ > 0. This means the discontinuity of the
solution map: L?(R) x H"(R) x H"~Y(R) — C([0,T]: L*(R) x H"(R) x H""1(R))
for any 7' > 0.

5. Well-posedness result in (1, ¢) € L'(R) x L>(R)

In this section, we prove Theorem 2 which implies well-posedness of (1.1) in
L' (R) x L°(R). This result was derived by Shiota [16]. We set ui := b1 F b7 as
we did in the former sections. We consider the Dirac-Klein-Gordon system in the
following form:

(Or £ 0p)usx = i(m — P)us,
(51) (07 — 82 + M?)p = 2R(uyu.),
ut(0,2) = ug o(z), ¢(0,2) = do(z), 9p(0,7) = ¢1(x).

We follow the argument in [10, §2.5] here again, using the variables o = ¢ +
x, f=1t—x and the smooth cut-off function xr(«, 3). We assume the initial data
condition u4 g € LY(R), g € L®(R), ¢ € L*(R). Then we show the existence of
the following unique solution for (5.1):

Ut € C([OaT] : LI(R))a (b € C([OaT] : LOO(R))a
Xo,7](t)us € LELYY, Xo,r](t)u— € LLLY, Xo,7)(t)¢ € LF L.

We remark that the smooth cut-off x(o 7](t) means the cut-off with respect to the
both finite time 0 < ¢ < T and finite space |z —a| < T for each a € R from
the finite speed of propagation. Therefore we may treat the solutions as functions
restricted on the local domain |a] 4 |G| < T. We estimate on the integral equation
corresponding to (5.1) in those spaces. We define the following complete metric
space:

(5.2) X = X(T, My, Ma) = {[lut||pyre + llu-lloy oy < My, [[@llLery < M2}

where we set My = 2(||ut ol 1+ ||u—oll£r), M2 = 2(||dol|L=+||¢1]|2). Here we may
think M is sufficiently small from the restriction on the local domain |2 —a| ST
for a € R if we take T' > 0 small. We show the following map ¥(uy, ¢) = (ugt, &%)
is a contraction on X:

t
ugt(t, x) =ug oz Ft)+ z/ (mug — guz)(t', . F (t —t'))dt,
0

(1, 2) = Knrldo, 1] +2 / War(t — )Y R(u (¢, z)dt’

where W), denotes the evolution operator of the Klein-Gordon equation with mass
M > 0. We estimate

Ier (e Bl Iy S s ol + [xar(a, B)(mu— — ¢u-)l|ps s
S lusollzr + llu—llpy oy + Illze el oy oy
S lugoller + Tllu-llzazs + l6llgoslu-lloyos).
Similarly

(e By ey pse S lu—ollor + T(lus oy + Illoe g sl pe ).
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Therefore
! s <M or(y + M) < M
Ixr(e, Builloyre + Ixr(e, Bulliy iy < 5= + CT(My + MiMs) < M
for sufficiently small 7" > 0. We estimate
Ixr (e, )¢ e S Ndollzes + llo1llzr + [xer(a, Bjusu—]lpypy

S ldolle + l¢aller + llullpype lu—lloy s

M.
§72+CM12§M2

for sufficiently small M;. This conclude the contraction mapping principle and we
obtain the unique solution.

Next, we show that the solutions (uy,u_,¢) € C([0,T] : L*(R) x L*(R) x
L>°(R)) above depend continuously on the initial data (u o, uo,—, ¢o, $1) € L*(R)x
LY (R) x L*®(R) x L'(R). Assume that

N oo N
Ug 0,0 — Ug,0, U—0n — U_gin L, 0,0 — ¢o in L™, $1,n — @110 L.

We write the corresponding solutions (44 n, U— n, ¢n) and (u4, u—, ¢). We have the
uniform boundedness with respect to n =1,2,...

s mllpyre + llu—nllLy e < M, [¢nllLeLy < Mo.
Then we estimate the difference
X (e, B) (s — u+)|\L;,L;°
S llusom —ugollor + T(luen = u—llza Ly + Onllogrg lummn —u-llLs Ly
+ l¢n = dllgere llu-llryLy)
< N o — s ollzs + Tl — ucllzy s + 160 — dllizrs).
Similarly
Ixr(a, B)(u—pn —u)lr Ly < llu-o0.n —u—pollLr
+ T(lutn = upllzyre + 0n — dllery),
Xz (e, B)(¢n — D)Ly S lPon — PollLe + P10 — d1lLe
+T(lu—n —u-llzrog + llupm —ugllpyre)
Therefore we have for sufficiently small 7" > 0,
X (e, B) (s n — U+)HL;,L;°
+ lIxr(a, B)(u—n —u)lr Ly + lIxr(a, B)(dn — d)llLery
S g0 = ugollzr + lu—0m —u—ollLr + [[po.n — GollL= + [|@1,n — @111

This conclude that the solutions in L5L5° x Ly L x L Ly® depend continuously

on the initial data. We use (4.3) to show that the map is also continuous for the
solution in C'([0,T] : LY(R) x L*(R) x L*®(R)).
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