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A DIRECT PROOF OF GLOBAL EXISTENCE FOR THE
DIRAC-KLEIN-GORDON EQUATIONS
IN ONE SPACE DIMENSION

Yung-fu Fang

Abstract. We establish local and global existence results for Dirac-Klein-
Gordon equations in one space dimension, employing a null form estimate
and a fixed point argument.

0. INTRODUCTION AND MAIN RESULTS

In the present work, we want to consider the Cauchy problem for the Dirac-
Klein-Gordon equations

(DY=dv; (ta) cRxE,
M 1 O = P
L ©(0) =4, &(0) =do, 8,9(0) = ¢1,
where 1 is a 2-spinor field takes value in C%, ¢ is a scalar field takes value in R,

D is the Dirac operator, D = — iy#9,, p = 0,1, and 4" are the Dirac matrices,
which can be written as follows. First let us define the 2 x 2 matrix o7,

@ 7= o)

The matrices v are defined by

o_ (I 0 1_( 0 o1
(3) 0 _(0 _1'2 ) Y= —01 O )

Received July 31, 2002; revised December 19, 2002.

Communicated by S. B. Hsu.

2000 Mathematics Subject Classification: 35L05.

Key words and phrases: Null form estimate.

Partially supported by National Science Council at Taiwan, NSC90-2115-M006-025.

33



34 Yung-fu Fang

where I is the 2 x 2 identity matrix, the wave operator [J = —0y + Oz, and
o = 1)T4Y, where 1 is the complex conjugate transpose.

The purpose of this work is to demonstrate a new proof of null form estimate, see
[1], by employing a solution representation of DKG equations, which apparently is
more simple. In a way, we give an interpretation of the null form structure depicted
within the nonlinear term v, and it is different from that in [1]. This term has
been observed for possessing the null form structure, see[ 1] and [5, 6].

The energy for the DKG problem is not positive definite, therefore it is not
applicable. However we have the law of conservation of charge,

4) / 4(t)|*dz = constant

which can be applied to derive the global existence result, once we establish the
local existence result. In this paper, the ”charge class” solutions mean solutions
with (¢, -) € L*(R).

In 73, Chadam showed that the Cauchy problem for the DKG equations has
a global unique solution if ¢y € H', ¢y € H', ¢ € L?, see [2]. In *93, Zheng
proved that there exists a global weak solution to the Cauchy problem of the modified
DKG equations, based on the technique of compensated compactness, with 1y, € L2,
do € H', ¢1 € L?, see [8]. In 00, Bournaveas derived a new proof of a global
existence for the DKG equations, based on a null form estimate, if ¢y € ?
o € HY, ¢1 € L2, see [1].

The approach we adopt in this work is as follows: First, we will derive the
solution representation for the Dirac equation, while the solution representation for
the wave equation is well known. Next, we will use it to estimate the quadratic
term 7). In addition to this, the derivations of some necessary estimates become
straight forward. Finally we can prove the local and global existence results of
DKG equations, which are parallel to those in [1] and [8].

The main result in this work is as follows.

Theorem 1. (Global Existence) If the initial data of (1), ¢y € L?, ¢y € H*,
¢1 € I?, then there is a unique global solution for (1).
1. SOLUTION RPRESENTATION

Recall that, for the wave equation,

Op=F, (tz)eR xR,
(5) {

¢(0) = o, ¢:(0) = o1,
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the solution representations is as follows:

©)
20(t,x) = [¢o(x+t)+¢oa:—t / d1(y dy+/LHts (s,y)dyds.

t+s

Consider the Dirac equation,

Dy = G; (t,z) € Rl x RY
() {

$(0) = vo.

First we take D on the Dirac equation, then (7) becomes

) =DG;  (t,z) € Rl x R,
@) {

P(0) = Yo, G(0) = — v L.

Applying the formula (6) and simplifying the expression, we finally have

©)
2)(t, z) = (7° + 1) %oz + ) + (17 — ¥ eho(z — t)+

t

t
z/ (’yo+’yl)G(s,x+t—s)ds+i/(’yo—'yl)G(s,:c—t—ks)ds.
0 0

The formula (9) can also be derived in the approach via Fourier transform. First
we take the Fourier transform on the Dirac equation (9) over the space variable.
Then we solve the resulting ODE to get a formula for t(¢,£). Finally we take
the inverse Fourier transform to obtain a solution formula for (¢, ). We will not
present the derivation of (9) via Fourier transform approach, due to the fact that it
is straight forward.

2. ESTIMATE

Lemma 1. For the solution of the Dirac equation (7), we have

T
13) Ol (ol + [ 1G] 0ds).

This can be shown directly.
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Consider two Dirac equations,
{ Dy; =Gj, j=1L2

(14)
¥;(0) = vo;-

Lemma 2. (Null Form Estimate)

HEﬂp?HL?([O,T),LZ)
(15) T

Otz + [ 161 )szas) (el + [ 1Gao)las).

Proof.  For simplicity, we demonstrate a special case when 4 = 1o, and the
general case will follow. Consider the Dirac equation (7) and write its solution as

(16) 210(75, 33) = U+ + U_ + iV+ +iV_,

where

(17) Us(t,z) = (v0 £ 72 %0 (z + 1),

(18) Wﬁﬂﬂz/%wiva@xiﬁ—swm
0

Throughout calculations, we get

(19) U U =U U=V, V., =V_V_=0,

(20) UV,=UV. =V, U =V_U_=0,

Q1a) [TV omrzs Cliole

C1b) VaU-lirgom Clinlle [ 16 sads,

elo) Ty Cllllan [ 16z,
2

(14) VoVl C ( / ' HG(S)IIdes)

The rest cases are analogous. Among these cases, we only demonstrate the case of
VV_. Since

t t
(22) V.V = 2/ / Gl(s,z 4+t —s)(Y° — y)G(r, z — t + r)drds,
0 Jo



Dirac-Klein-Gordon Equations 37

hence we have

(23)
IVVollz2 o, 2y

1

C(AT/(Atlt]GT(s,x—kt—3)(70_71)G(7’,x—t+r)\drds>2dmdt>2
C[[ (/OT/‘GT(s,x—i—t—5))2‘6’(1",3:—t+7‘)‘2da:dt)%drds

T T
c / / 1G(3)] 12| G| 2 drdis

o(/ ' HG(S)IIdes)Z-

This completes the proof of the lemma. [ ]

Lemma 3. For the wave equation (10), we have the energy estimate

T
@5 Ne@lar + ¢l C(T) (IlcboHH1 + o1l 2 +A HF(S)IIdeé‘)-

This can be derived directly.

3. EXISTENCE

Let (¢,¢) and (¢',¢’) be two charge class solutions of DKG equations. We
define the following quantities:

(26a) J(0) = l[Yoll 2 + [ dol[mr + [l 223

(26b) J'(0) = llvoll 2 + 1 golle + dhle;

(26¢) J(T) = sup (@2 + @l ar + [lO)]22) 5
26d) J(T) = Sup (1 ®llzz + '@l + 16/ E)lz2) 5
(26¢) A(0) = [ltho = ¥pllz2 + lldo — dolle + llé1 — S1lz2;

eeny AT) = sup (1) =" @l 2+ [16(8) = ¢ (&) 2 + [ 1 (8) — D (2)| 22) -
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Lemma 4. For the solution of the DKG equations (1), we have

27) ol e ®)  C(T’J(0)).

This can be obtained by using the solution representation for ¢ and the law of
conservation of charge, see [1].

Lemma 5. Let T > 0 and let (¢, $) be a charge class solution of (1). Then
there exists a constant C > 0, depending only on T and J(0), such that

(28) J(T) C(T,J(0)).

Proof.  Since ||¢(t)]| 2 = ||%o]| 12, this takes care the first term of J(T"). For
the terms involving ¢, we first compute

T T
A 1P (s)|eds = / [B(s)l| 2 ds

1 —
T2 || ¢l L2(jo,11,22)

(29) ! ' 2
T (ol + [ 1D0(s)12d5)

T
TH(70)+ [ 166l [0()]2ds)
C(T, J(0))T.

Now we apply the energy estimate to get

T
s 60l e o (0 + [ IR
o(T, J(0)).

This completes the proof of the lemma. ]

Lemma 6. Let T > 0 and (¢, ¢), (¢, ¢') be two charge class solutions of
(1). Then there exists € > 0, C' > 0, depending only on J(0) and J'(0) such that
if T < € then

31 AT)  CAO).

Proof.  Consider the difference of the two solutions, we have the following
equations:
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D —¢)=(o— Y+ (v —¢),
{Dw—wzﬁ:WW+WW—W-
For the first term of A(T"), first we compute
ID(¥ — ) (5)l 2
a3 16(s) — &' (s)lzo<[¥(s)|z2 + 18" (s) | o= lI(s) — ¥/ (s) | 2
16(s) = &' ()l J(0) + C(T, J'(0)19b(5) — %' ()2
C(T, J(0),J'(0)) A(T).
Invoke (13), we have

T
[w®) =@l (I =il + [ 1D =) )
C(A(O) +C(T, J(0), J’(O))TA(T)).

32)

34)

For the other two terms, first we calculate
T
/rm¢ #)(9) |z2ds

(3) /rr ()22 + T — ¥)(s)] s
T3 (I - ¢mwp+www Wllzz),

then we calculate, 1nv0ke (15),

1(% =¥l 2
60 (I vhllie+ | 1P =)@ lueds) (ol [ Do)
C’(T, J(O),J’(O)) (A(O) + TA(T)).
The calculation for ||’ (1) —1)')|| 2 is the same. Therefore, applying (25), we get
19(t) = &' @)l 2 + llpe(t) — 1(2) |2
T
C(T) (l1do — dollr + llor — Sy [l + A 10( — ¢’)(S)Ilmds)
C(T) <A(0) +T3C(T, J(0), J’(O))> (A(O) + TA(T))
C(T, J(0), J’(0)> (A(o) + TA(T)).
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Now we assume T' 1, thus
(38) C(T, J(O),J'(O)) C(J(O), J’(O)) - 0(1,J(0), J’(O))
and
(39) A(T) C (J(o), J’(0)> <A(0) + TA(T)).
This concludes the proof. [ |

Combining (28), (31) and an iteration scheme, we have the following local
existence result.

Theorem 2.  (Local Existence) Let 1o € L*(R), ¢o € HY(R), and ¢1 €
Lz(R). Then there exists a T > 0, depending only on J(0), and a unique charge
class solution of (1) defined on [0, T) x R.

From Lemma 5, we have the inequality,

(40) J(T)  C(T,J(0)),

which ensures that we can always extend the solution beyond 7". Thus we have a
unique global solution for the Cauchy problem. The idea of this type of argument
is originated by Segal, see [7].

4. REMARK

Using the solution representation in Fourier transform, we can take full advan-
tage of the null form structure and derive the null form estimate,

2
L2> ’

where pW = ‘|7‘| — ¢ |‘ + 1. Equipping with this estimate, together with other

VG
YWz

(41) 92| 12 G(me+

estimates, the result of global existence can be improved, i.e. if ¥y € L? (R),

¢ € H 3 (R), and ¢y € H _%(R), then we have a unique global solution. The
proof will appear elsewhere.
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